
US006182001B1 

(12) United States Patent (10) Patent No.: US 6,182,001 B1 
Sugai et al. (45) Date of Patent: Jan. 30, 2001 

(54) BRAKING ESTIMATION DEVICE, 5,493,495 2/1996 Naito et al. ............................ 701/78 
ANTI-LOCK BRAKE CONTROLLER, AND 5,588,721 12/1996 Asano et al. ......................... 303/163 
BRAKING PRESSURE CONTROLLER 5,660,449 * 8/1997 Higashimata et al................ 303/156 

5,865,514 * 2/1999 Striegel et al. ...................... 303/149 
. 5,878,365 3/1999 Onogi et al. . ... 701/70 (75) Inventors: Masaru Sugai, Katsuhiro Asano; : 

Takaji Umeno; Eiichi Ono; Hiroyuki 5,938,713 8/1999 Miyazaki ............................... 701/71 
Yamaguchi, all of Aichi-ken (JP) FOREIGN PATENT DOCUMENTS 

(73) Assignee: Kabushiki Kaisha Toyota Chuo s s 3.1. SE 
Kenkyusho, Aichi-gun (JP) 3-118263 5/1991 (JP). 

(*) Notice: Under 35 U.S.C. 154(b), the term of this g; 19. (JP). /1995 (JP). patent shall be extended for 0 days. 7-220920 8/1995 (JP). 
8-34329 2/1996 (JP). 

(21) Appl. No.: 08/996,316 * cited by examiner 
(22) Filed: Dec. 22, 1997 Primary Examiner Jacques H. Louis-Jacques 
(30) Foreign Application Priority Data (74) Attorney, Agent, or Firm-Oblon, Spivak, McClelland, 

Maier & Neustadt, P.C. 
Dec. 25, 1996 (JP) ................................................... 8-34.638O 
Jan. 23, 1997 (JP) ................................................... 9-O1068O (57) ABSTRACT 

(51) Int. CI.7 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GO6F 7/00; GO5D 1/00 An apparatuS for diagnosing a fault in a dynamic System 

(52) U.S. Cl. ................................. 701/78; 701/70; 701/78; includes a controller which controls the dynamic System 
701/71, 701/80; 303/122; 303/136; 303/146; 

303/191; 702/140; 702/183 
(58) Field of Search .................................. 701/70, 71, 73, 

701/78, 79,80, 82, 90,91, 76, 83; 303/163, 
184, 150, 166, 3, 15, 155, 141, 162, 140, 
183, 146, 191, 149, 148, 156, 157, 194, 

122, 136; 180/197; 702/140, 183 

through use of a control input signal and Vibrates the 
dynamic System through use of an vibration signal irrelevant 
to the internal State quantity of the dynamic System; an 
observer for estimating, on the basis of a response output 
from the vibration dynamic system, total disturbance which 
is a Sum of an internal disturbance vector Stemming from a 
fault in the dynamic System and a vibration disturbance 
vector occurring in the dynamic System through vibration; a 
correlation calculation unit which calculates cross 
correlation between the thus-estimated total disturbance and 
the internal State quantity of the dynamic System and Sepa 
rates a component related to the internal disturbance from 
the total disturbance; and a diagnostic unit for diagnosing a 
fault in the dynamic System on the basis of the thus 
Separated component related to the internal disturbance. 
Since the dynamic System is vibrated, the response output 
can be increased even when there exists Small external 
disturbance. As a result, a fault or a variation in air preSSure 
in a tire can be highly accurately diagnosed. 
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BRAKING ESTIMATION DEVICE, 
ANTI-LOCK BRAKE CONTROLLER, AND 
BRAKING PRESSURE CONTROLLER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a diagnostic apparatus for 
a dynamic System, and more particularly, to an apparatus for 
very accurately diagnosing faults in a dynamic System, the 
air pressure of a tire, and conditions around the tire by 
Vibrating the dynamic System through use of vibration 
means provided in the diagnostic apparatus and on the basis 
of internal disturbance caused by a fault in the thus-vibrated 
dynamic System even in a case where the amount of external 
disturbance is Small. 

Further, the present invention relates to a braking pressure 
estimation device which estimates master cylinder preSSure, 
mean braking preSSure, and a micro-Vibration component in 
the braking pressure on the basis of wheel Speed information 
and without use of a braking pressure Sensor, by taking note 
of the gain characteristics of a wheel Speed and the braking 
preSSure in a case where the braking pressure is minutely 
Vibrated at a resonance frequency of a vibration System 
comprised of a vehicle body, a wheel, and a road Surface. 
Still further, the present invention relates to an anti-lock 
brake controller which employs the braking pressure esti 
mation device, as well as to a braking pressure controller 
capable of continually controlling braking pressure in a 
Smooth manner. 

2. Related Art 
(Conventional Apparatus for Diagnosing a Dynamic 
System) 

Japanese Patent Application Laid-open (JP-A) No. 
7-98268 describes the following technique as an apparatus 
for diagnosing a dynamic System. 

In the technique disclosed in the foregoing unexamined 
patent application, a total disturbance vector—which is the 
Sum of an external disturbance vector exerted on a dynamic 
System from outside and an internal disturbance vector 
caused by a fault in the dynamic System-is estimated on the 
basis of a response output vector from the dynamic System. 
Further, an internal State quantity vector of the dynamic 
System is estimated. A component relevant to internal dis 
turbance is Separated from the total disturbance vector by 
calculation of the correlation between the thus-estimated 
total disturbance vector and the internal State quantity vec 
tor. Then, a part of the dynamic System corresponding to the 
thus-Separated component relevant to the internal distur 
bance is specified as a fault. 

The foregoing technique enables location of an area of the 
dynamic System to be examined through use of one observer, 
as well as estimation of the absence or presence of a fault in 
the area and the degree of the fault. AS contrasted with a 
conventional generalized likelihood comparison test 
method, there is no need for this technique to examine a 
plurality of areas through use of a plurality of observers 
disposed So as to correspond to the areas, and hence the 
technique has an advantage of being capable of accurately 
Sensing a fault with few calculations. 
(Conventional Braking Pressure Estimation Device, and 
Anti-lock Brake Controller Utilizing the Braking Pressure 
Estimation Device) 

With regard to a device which controls the braking force 
of wheels such as an anti-lock brake controller (hereinafter 
referred to as an ABS controller), the Sensing of braking 
preSSure is an important problem, and a higher degree of 
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2 
control of the braking pressure can be expected if the value 
of the braking pressure is known. As a method for Sensing 
the braking pressure, there is a method of attaching preSSure 
Sensors comprising a Semiconductor device or the like to 
each wheel cylinder. However, the pressure Sensors are 
comparatively expensive, and attachment of the preSSure 
Sensors to each wheel cylinderS is difficult in terms of cost. 
To overcome such a difficulty, there has already been 

proposed a technique of estimating the wheel cylinder 
preSSure of each wheel on the basis of the result of mea 
Surement of the pressure Sensor attached to the master 
cylinder pressure. Japanese Patent Application Laid-open 
(JP-A) No. 7-186918 describes a braking pressure controller 
which employs a method of calculating the wheel cylinder 
preSSure of each wheel from a measured Supply preSSure 
(e.g., master cylinder pressure) and the time period over 
which a valve is actuated. This method enables the estima 
tion of the wheel cylinder pressure of each wheel solely by 
Sensing the pressure of the master cylinder through use of 
one pressure Sensor, thereby rendering the braking preSSure 
controller advantageous in terms of cost. 

However, in many widely-available ABS controllers, a 
preSSure Sensor is not attached even to the master cylinder. 
Therefore, even the foregoing wheel cylinder estimation 
technique that requires the attachment of a pressure Sensor 
to only the master cylinder still adds to the cost. Further, 
there is needed a remedy for Sensor failures in order to 
ensure the reliability of the preSSure Sensor, which also adds 
to the cost. 

Japanese Patent Application Laid-open (JP-A) No. 
6-28.6590 describes a method of estimating master cylinder 
preSSure without use of a pressure Sensor. 
The technique described in the foregoing patent applica 

tion discloses the following three methods for estimating 
master cylinder pressure. 

(1) ASSuming that there is a uniform increase in the master 
cylinder pressure as a result of a first reduction in hydraulic 
braking pressure, a variation APm (constant) in the master 
cylinder pressure is calculated. The master cylinder preSSure 
is corrected through use of the thus-calculated variation 
APm. 

(2) By utilization of a tendency for the variation in the 
master cylinder pressure to increase in accordance with a 
variation AS in slip rate So long as the value of the master 
cylinder preSSure is large, the variation APm in the master 
cylinder pressure is calculated from the variation in the Slip 
rate. Accordingly, as contrasted with the method described 
in (1) which is based on the assumption that the variation in 
the master cylinder pressure is constant, degree of accuracy 
of estimation is improved. 

(3) The variation APm in the master cylinder is calculated 
from a variation AVo in Vehicle acceleration and the 
variation AS in the slip rate. The use of the variation AVo 
in vehicle acceleration enables correction of the master 
cylinder pressure, even when Slippage of wheels due to 
Speed reduction has not yet occurred and therefore the 
master cylinder pressure Pm is low. Accordingly, as con 
trasted with the method described in (2), this method further 
improves the accuracy of estimation of master cylinder 
preSSure. 
(Conventional Hydraulic Braking Pressure Controller) 

For an apparatus Such as an ABS controller in which the 
braking force applied to the vehicle is controlled by the 
hydraulic preSSure of the wheel cylinder, not only a reduc 
tion in the hydraulic braking pressure at the time of wheel 
lock, but also Smooth continuous control of the hydraulic 
braking pressure is important. 
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The hydraulic braking pressure is controlled by pressure 
increase and decrease valves (Such as those disposed in an 
ABS actuator shown in FIGS. 23A and 23B) that are 
controllable from outside by means of an electrical Signal, or 
the like, and are interposed between the master cylinder 
whose pressure is related to the depression of a brake pedal 
given by the driver-and the wheel cylinders which produce 
preSSure for pressing brake pads; i.e., the actual braking 
force of the vehicle. 

Under normal conditions, the pressure in the master 
cylinder is directly transmitted to the hydraulic preSSure in 
the wheel cylinders by opening the preSSure increase valves 
of the ABS actuator shown in FIGS. 23A and 23B, as well 
as by closing the pressure decrease valves of the Same. If the 
hydraulic preSSure in the wheel cylinderS is excessively 
high, there is established a state (a pressure decrease mode) 
in which the preSSure increase valve is closed and the 
preSSure decrease valve is opened So that the pressure from 
the master cylinder is prevented from being transmitted to 
the wheel cylinders while the hydraulic pressure in the 
wheel cylinderS is released to a reservoir tank. In order to 
allow the hydraulic pressure in the wheel cylinders to 
recover from the pressure-reduced State, there is established 
a state (a pressure hold mode) in which both the pressure 
increasing and reducing valves are closed to prevent the 
hydraulic pressure in the wheel cylinders from changing; a 
State (a pressure increase mode) in which only the pressure 
increase valve is opened to allow the master cylinder pres 
sure to be directly transmitted to the wheel cylinders is 
inserted over a short period of time; and the time period of 
the pressure increase mode is gradually increased. 

In an actual ABS control operation, if wheel lock is 
detected, the hydraulic pressure in the wheel cylinders is 
abruptly reduced through the preSSure decrease mode which 
is continued for a comparatively long period of time. 
Subsequently, the hydraulic pressure is rather gradually 
increased by repeating the preSSure hold mode and pressure 
increase mode. If wheel lock arises again during the course 
of an increase in the hydraulic pressure, the valve is con 
trolled in the pressure decrease mode to thereby abruptly 
decrease the hydraulic pressure in the wheel cylinders. 
Subsequently, the operation mode is shifted to the pressure 
hold mode and the pressure increase mode. 

For example, in the technique disclosed in Japanese 
Patent Application Laid-open (JP-A) No. 3-118263, for each 
preSSure increase and reduction area, the pulse train pattern 
is Switched through use of a plurality of maps as well as the 
relationship between wheel Speed, acceleration/ 
deceleration, and Separately-determined target Speed, as 
shown in FIGS. 24A and 24B. 

Further, Japanese Patent Application Laid-open (JP-A) 
No. 8-34329 describes a technique of controlling mean 
hydraulic braking pressure on the basis of the operation 
frequency of a valve and a duty ratio between a preSSure 
increase mode and a preSSure decrease mode through use of 
a valve having only a pressure increase mode and a pressure 
decrease mode. This technique principally implements the 
preSSure hold mode of a hydraulic braking preSSure by 
actuating a valve at a comparatively high frequency through 
use of only the valve having a pressure increase mode and 
a pressure decrease mode. Further, the amplitude of micro 
Vibrations in the hydraulic braking pressure is controlled by 
changing the operation frequency of the valve. 

In the foregoing technique described in Japanese Patent 
Application Laid-open (JP-A) No. 7-98268, a total distur 
bance vector of a dynamic System is estimated on the basis 
of a response output from the dynamic System Stemming 
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4 
from the disturbance outside the dynamic system. For 
example, in a dynamic System comprising a Suspension 
System and a wheel, the external disturbance exerted on 
wheels traveling on an a rough road Surface is utilized as an 
input. Accordingly, in a case where the input Stemming from 
the external disturbance is Small Such as that obtained when 
the wheels travel on a Smooth road Surface, the response 
output becomes Small. Therefore, even if the output value is 
normalized, the accuracy of Sensing of a fault or the accu 
racy of estimation of air pressure in the tire is reduced by a 
quantization error or the like. 

In a case where the mean value of external disturbance 
obtained during a given period of time is Zero or nearly Zero, 
the foregoing conventional technique enables highly accu 
rate Separation of the component which is relevant to an 
internal disturbance vector and Stems from a fault from a 
total disturbance vector. However, the Statistical property of 
the external disturbance differs according to the State of a 
road Surface, and Sometimes the internal disturbance vector 
cannot be very accurately isolated. 

Further, even in the case of the method (3) having the 
highest degree of accuracy among the techniques described 
in Japanese Patent Application (JP-A) No. 6-28.6590, since 
the method employs the variation AS in the slip rate, the 
relationship between the variation AS in the slip rate and the 
variation APm in the master cylinder pressure changes as a 
result of a variation in the coefficient of friction u between 
the tire and the road Surface. The calculation of the variation 
APm in the master cylinder pressure through use of a 
constant coefficient results in a reduction in the accuracy of 
estimation according to the State of the road Surface. 

In the conventional technique described in Japanese 
Patent Application Laid-open (JP-A) No. 3-118263, the 
hydraulic braking pressure is controlled by Switching the 
pulse train pattern between the patterns shown in FIGS. 24A 
and 24B. For this reason, as shown in FIG. 24C, a vibration 
arises in the hydraulic pressure in the wheel cylinders at a 
comparatively low frequency (Several hertz). This vibration 
imparts to the driver's pedal an unpleasant low frequency 
Vibration called kickback and results in a great variation in 
vehicle behavior at a comparatively low frequency. AS a 
result, the hydraulic braking pressure cannot be controlled 
Smoothly. 
The technique described in Japanese Patent Application 

Laid-open (JP-A) No. 8-34329 cannot be applied to the 
anti-lock brake control operation described in Japanese 
Patent Application Laid-open (JP-A) No. 7-220920 which 
utilizes the fact that the resonance characteristics of the 
resonance System comprised of a vehicle body, a wheel, and 
a road Surface change according to the State of grip of the 
wheel on the road Surface, because it is impossible to change 
the frequency of vibration at the resonance frequency of the 
System. 

SUMMARY OF THE INVENTION 

The present invention has been contrived in view of the 
aforementioned drawbacks, and an object of the present 
invention is to provide a diagnostic apparatus for a dynamic 
System which is capable of constantly Sensing a fault highly 
accurately even in a case where there is a Small amount of 
disturbance and of highly accurately diagnosing the air 
preSSure in the tire or the conditions of elements around the 
tire irrespective of the State of a road Surface. 

Another object of the present invention is to provide a 
braking preSSure estimation device capable of Stably esti 
mating braking pressure highly accurately irrespective of the 
State of a road Surface and without use of a pressure Sensor, 
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as well as an anti-lock brake controller which uses this 
braking pressure estimation device. 

Still another object of the present invention is to provide 
a braking pressure controller which reduces unpleasant 
vibration felt by the driver or a variation in vehicle behavior 
by continuously controlling a hydraulic braking preSSure in 
a Smooth manner. 

To accomplish the aforementioned objects, in accordance 
with a first aspect of the present invention, there is provided 
a diagnostic apparatus for a dynamic System to detect a fault 
in the dynamic System, comprising: Vibration means for 
Vibrating the dynamic System through use of a vibration 
Signal unrelated to an internal State quantity vector of the 
dynamic System; disturbance estimating means for estimat 
ing a total disturbance vector which is the Sum of an internal 
disturbance vector Stemming from a fault in the dynamic 
System and a vibration disturbance vector occurring in the 
dynamic System as a result of Vibration; correlation calcu 
lation means which calculates the correlation between the 
total disturbance vector and the internal State quantity vector 
and isolates a component relevant to internal disturbance 
from the total disturbance vector; and diagnostic means for 
diagnosing a fault in the dynamic System on the basis of the 
component relevant to the internal disturbance which is 
Separated by the correlation calculation means. 

The vibration means is capable of vibrating the dynamic 
System by use of a white signal (e.g., a so-called M-Series 
Signal) or a signal whose frequency is shifted (e.g., a signal 
which is shifted from a low frequency to a high frequency) 
as the vibration Signal irrelevant to the internal State quantity 
vector of the dynamic System. 

FIG. 1 shows the configuration of one example of the 
dynamic System diagnostic apparatus according to the 
present invention. A controller 12 also Serving as an vibrator 
for Vibrating the dynamic System inputs, as a control input 
14, a signal (u--Au)—which is a Sum of a control signal “u’ 
for controlling the dynamic System 10 to a certain internal 
State and an vibration Signal Au for vibrating the dynamic 
system 10-to the dynamic system 10 to be diagnosed by a 
diagnostic apparatus 30. 

The internal State of the dynamic System 10 changes in 
accordance with the control Signal “u' contained in the 
control input 14, So that a control output 16 changes. Further, 
the dynamic system 10 is vibrated in the vicinity of the 
established internal state. In the example shown in FIG. 1, 
the controller 12 controls the dynamic system 10 through 
use of the control output 16 as a feedback Signal. 

The controller 12 may be designed such that when the 
control output 16 is Small, the controller 12 commences 
Vibration control by means of the vibration Signal Au or 
increases the vibration signal Au in order to increase the 
amplitude of vibration of the dynamic System, and that when 
the control output 16 is large because of great external 
disturbance, the controller 12 terminates vibration control by 
means of the vibration Signal Au. 

In FIG. 1, the dynamic system 10 has “n” internal state 
quantities (i.e., the degree of the dynamic System is “n”), and 
the foregoing control signal “u' represents a control input 
vector 14 which comprises “m” elements and is sent to the 
dynamic system 10. Reference symbol “y” represents a 
control output vector 16 which is output from the dynamic 
system 10 and comprises “p' elements. Further, reference 
symbol “d” represents an vibration disturbance vector 15 of 
the dynamic system 10 which is caused by vibration by the 
vibration signal Au in the vicinity of the controlled internal 
State. 
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6 
Since the control input vector 14 has “m” elements, the 

dynamic System 10 is usually constructed in Such a way that 
the vibration signal Au also comprises “m” elements. With 
Such a configuration, the number of elements contained in 
the vibration disturbance vector 15 also becomes equal to 
“m.” In order to highly accurately detect all faults in the 
dynamic System, the vibrator is desirably constructed in 
such a way that the vibration disturbance vector 15 com 
prises “n” elements which are equal in degree to the internal 
State quantity vector of the dynamic System 10. 
AS a result of Such a configuration of the vibrator, the 

vibration disturbance vector 15 affects the dynamic system 
in the same way as does the vibration disturbance vector 
when the external disturbance having degree “n” is applied 
to the dynamic system 10. Even in a case where there is a 
Small degree of external disturbance or no external distur 
bance at all, faults can be highly accurately detected by 
increasing a control output from the dynamic System. 
The diagnostic apparatuS 30 according to the present 

invention comprises disturbance estimating means 32, cor 
relation calculation means 34, and diagnostic means 36 and 
is constructed So as to detect a fault in the dynamic System 
10 as internal disturbance. 

The disturbance estimating means 32 is constructed So as 
to estimate a total disturbance vector “w,” which is a Sum of 
an vibration disturbance vector “d” and an internal distur 
bance vector of the dynamic system 10, on the basis of at 
least the internal State quantity vector of the dynamic System 
10 (i.e., a vector comprising various elements representing 
the internal State quantity of the dynamic System 10), as well 
as to output the thus-estimated total disturbance vector “w” 
to the correlation calculation means 34. 

In FIG. 1, a control output vector “y” from the dynamic 
System 10 is input to the disturbance estimating means 32. 
The disturbance estimating means 32 estimates and calcu 
lates an internal State quantity vector “X” of the dynamic 
system 10 from the control output vector “y” and outputs the 
thus-calculated internal State quantity vector “X” to the 
correlation calculation means 34. The estimation and calcu 
lation of the internal State quantity vector “X” can be carried 
out in a case where the control output vector “y” comprises 
information which enables calculation of elements of the 
internal State quantity vector “X.” The estimation and cal 
culation of the internal State quantity vector “X” are carried 
out at the same time the total disturbance vector “w” is 
estimated. More Specifically, a new internal State quantity 
comprising the total disturbance vector “w” and the State 
quantity vector “X” shown in Equation (4b), which will be 
described later, is calculated according to a conventional 
linear control theory (e.g., “Basic System Theory” by Furuta 
and Sano, Corona Co., Ltd., 1978, pp. 127 to 137). 

If the amount of information contained in the control 
output vector “y” is insufficient for estimating the internal 
State quantity vector “X, it is desired that a Sensor for 
Sensing the internal State quantity be provided in the 
dynamic System 10, as required, and an output from the 
Sensor be input to the disturbance estimating means 32. 

In a case where the information regarding the internal 
state quantity vector “X” can be directly determined from the 
control output vector “y” from the dynamic system 10 or the 
internal State quantity Sensor provided, as required, in the 
dynamic System 10, it is desired that internal State quantity 
“X” be directly output to the correlation calculation means 
34. 
The correlation calculation means 34 calculates the cor 

relation between the elements of the estimated total distur 
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bance vector “w” and the elements of the internal state 
quantity vector “X” and Separates the component relevant to 
internal disturbance from the elements of the total distur 
bance vector “w.” The thus-separated component relevant to 
the internal disturbance is output to the diagnostic means 36. 

The diagnostic means 36 is formed So as to localize the 
areas of the dynamic system 10 to be examined on the basis 
of the thus-Separated component relevant to internal distur 
bance and to determine the State of these areas. 

Preferably, the correlation estimating means 34 is formed 
So as to calculate the correlation corresponding to a plurality 
of elements of the total disturbance vector “w” and to 
Separate the component relevant to internal disturbance from 
the plurality of elements of the total disturbance vector “w.” 

The elements of the thus-Separated component relevant to 
internal disturbance correspond to the faults occurred in the 
dynamic system 10. For this reason, on the basis of the 
elements of the thus-Separated component relevant to the 
internal disturbance, the diagnostic means 36 is capable of 
detecting and locating a fault in the dynamic System 10. 

In Such a case, preferably, the diagnostic means 36 is 
formed So as to comprise a memory Section 40-in which 
are previously Stored reference values for diagnosis pur 
poses corresponding to the respective elements of the com 
ponent relevant to internal disturbance-and a fault locating 
section 38 which locates a fault in the dynamic system 10 by 
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comparing the elements of the Separated component relevant 
to internal disturbance with the corresponding reference 
value. 

In a case where the controller 12 controls neither vibration 
in accordance with the control output 16 nor the dynamic 
System, the diagnostic apparatus can be formed with a 
configuration such as that shown in FIG. 2. More 
specifically, an vibrater 13 which serves solely as vibration 
means is provided in place of the controller 12, and the 
disturbance estimating means 32 estimates a total distur 
bance vector on the basis of the control output 16. 

The dynamic System diagnostic apparatus according to 
the present invention has the foregoing configuration, and its 
operation will now be described. 

First, the disturbance estimating means 32 will be 
described. 

If a fault arises in the dynamic system 10 to be examined, 
the internal State quantity of the dynamic System 10 shows 
a response differing from that which is output when the 
dynamic System 10 is in a normal condition. In a Sense, Such 
a response can be considered to be a Sum of a response 
output in answer to vibration disturbance in a normal 
condition and a certain type of disturbance corresponding to 
the fault. The disturbance is not exerted to the dynamic 
system 10 from outside but occurs in the dynamic system 10. 
The disturbance estimating means 32 estimates the response 
as total disturbance vector “w,” which is a Sum of the 
internal disturbance Stemming from the fault and the vibra 
tion disturbance. 

The principle of estimation of disturbance by the distur 
bance estimating means 32 will now be described. The 
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8 
following description is based on the assumption that eXter 
nal disturbance is considerably Smaller than Vibration dis 
turbance or does not exist at all. 

First, presume that the dynamic System 10 is represented 
by the following equation of State. 

Here, X(t) represents an internal State quantity vector of 
the dynamic System 10 to be examined; u(t) represents a 
control input vector; y(t) represents a control output vector; 
and d(t) represents a pure vibration disturbance vector 
because it ignores external disturbance. Further, matrices A, 
B, and C represent matrices of constants determined by the 
Structure of the dynamic System 10 to be examined (i.e., 
parameters of a System constituting the dynamic System to 
be examined). 
The vibration disturbance vector d(t) is related to an 

vibration input vector Au(t) by the following equation. 

Equation (1) is expressed as 

b11 b12 bin u1 dy C Cl2 Cln X 

b21 b22 b2u2 d2 y2 C2 C22 C2n X2 

-- -- 

bni b2 bin Jun dyp Cpi Cp2 ''' Copn Wn 

The dynamic system 10 to be examined when it is in an 
anomalous condition can be equivalently expressed through 
use of variations in matrices A and B (or variations in the 
parameters). More specifically, given that the matrix A is 
changed by AA(t) and the matrix B is changed by AB(t) due 
to a fault, the object to be examined, or the dynamic System 
10, with a fault can be expressed as follows: 

where Dw(t) is represented by the following expression. 

where the matrix D represents in which of channels of the 
dynamic System 10 disturbance arises as a result of a fault. 
The matrix D is Set So as to correspond to the channel in 
which Vibration disturbance enters and to an estimated fault. 

If there are changes in the matrices A and B as a result of 
a fault, the vibration disturbance d(t) is given by the fol 
lowing expression. 

More specifically, the vibration disturbance d(t) com 
prises a component AB Au(t) newly developed as a result of 
the fault. In terms of diagnosis accuracy, the vibration 
disturbance d(t) is desirably irrelevant to the influence of the 
fault. Therefore, the vibration input Au(t) is made as micro 
as possible-in which case the term of AB-Au(t) can be 
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ignored-within the range in which the control output 
not reduced Smaller than a predetermined value. 

y IS 

If Au can be observed, u+Au can be handled as an input 
for the dynamic System 10. Consequently, Vibration input is 
not required to become micro to Such an extent that it can be 
ignored. In this case, d(t) is external disturbance alone. 

Equations (2) and (3) are represented as the following 
equation by a general matrix. 

W (ill (2 W. b11 b12 bin u1 

X2 d2 (i22 d2 X2 b21 b22 b2 u2 

d 
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In this way, the response of State vector from the dynamic 
system 10 to be examined in a faulty condition can be 
represented by the Sum of a response {AX(t)+Bu(t)} from 
the dynamic System 10 in a normal condition and distur 
bance {Dw(t)}. The disturbance estimating means 32 is 
configured So as to estimate the disturbance Dw(t). 

The disturbance is estimated in the following way. 
In a first Step, there is formed an extended System of the 

dynamic system 10 which includes disturbance w(t) in the 
State thereof. To this end, the following Supposition is made 
with respect to the disturbance w(t), and the disturbance w(t) 
is added to the state of the dynamic system 10. 

AS a result, the extended System of the dynamic System 
which includes the disturbance w(t) is written as follows; 

1O 
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(4b) 

In a second step, the state represented by XTwTT in 
Equation (4b) is estimated and calculated through use of a 
conventional linear control theory. 
As shown in FIG. 5, the supposition of Equation (4) 

signifies that disturbance 100 which originally changes 
continually is approximated Such that it changes Stepwise as 
indicted by 110 in FIG. 5. The accuracy of approximation of 
disturbance improves as the width of each Step becomes 
narrower. The width of the step corresponds to the time 
period over which the disturbance estimating means 32 
estimates disturbance. In practice, the time period over 
which the disturbance estimating means 32 estimates dis 
turbance can be reduced to a very Short period of time 
compared with the Speed at which the disturbance changes. 
Accordingly, the approximation of disturbance is Sufficiently 
practicable. 

In this way, So long as the extended System can be 
observed, the disturbance estimating means 32 can estimate 
an unmeasurable State and the disturbance corresponding to 
a fault, even in a case where the entire State of the dynamic 
System to be examined cannot be measured. 

Next, the correlation calculation means 34 will be 
described. 

AS previously described, the total disturbance vector w(t) 
estimated by the disturbance estimating means 32 is a 
combination of the internal disturbance caused by a fault in 
the dynamic system 10 and vibration disturbance “d” occur 
ring in the dynamic system 10 as a result of vibration 
regardless of whether the dynamic System 10 is in a normal 
or anomalous condition. 

The vibration disturbance “d” is a vibration caused by a 
Signal irrelevant to the internal State quantity vector and has 
the feature that a mean value obtained by averaging the 
Vibration disturbance over a given period of time becomes 
Zero when the dynamic System is vibrated through use of a 
white Signal. In consideration of this feature, calculation is 
performed in the present invention in order to Separate from 
the estimated total disturbance w(t) a component which is 
relevant to internal disturbance (i.e., variable components 
AA and AB of the parameters) and stems from a fault. A 
representative method of Such a calculation is the least 
Square method. 

First, the following expression is defined by Equation (3). 

0-AAAB, C-XUl (5) 

6 which minimizes the following equation 

. 2 (6) 
J(0) =X (0'ck) – Dick) 

K= 

is calculated from N data items through use of the least 
Square method. Such 6 is obtained by partially differentiat 
ing Equation (6) with 6 and by taking the thus-obtained 
equation as Zero, and is expressed as 
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8 = 2. sex".) 2. a Div) K= K= 

Further, if Equation (7) is transformed to a recurrence 
formula, the formula will be written as 

where e(N)=C(N)6(N-1)-Dw(N); 6 corresponds to a direc 
tional vector; and corresponds to a basis vector. As a result, 
the variable components AA and AB of the parameters can 
be sequentially estimated. 

Next, a specific example of calculation of correlation is 
explained with reference to a case where there is no corre 
lation between the vector and the elements. In this case, the 
component relevant to internal disturbance can be separated 
from the total disturbance w(t) by calculating the correlation 
between the total disturbance w(t) and the internal state 
quantity X(t) irrelevant to vibration disturbance. 

For example, the i-th element of an estimated value of the 
disturbance vector w(t) is represented by the following 
equation. 

where W represents an estimated value of disturbance W. 
As is evident from Equation (8), the i-th element of the 

estimated disturbance is a linear combination of a quantity 
Aai representing a fault in the dynamic System 10 and 
elements x1, x2 . . . of the internal State quantity vector x(t). 

In order to determine the quantity of the fault from the i-th 
element of the estimated disturbance, the cross-correlation 
between the i-th element of the estimated disturbance and 
the internal State quantity of the dynamic System 10 is 
calculated. At this time, the internal State quantity of the 
dynamic System used for calculation of the cross-correlation 
may be a value directly measured by a Sensor, or the like, 
provided in the dynamic System 10 or, as previously 
described, a value estimated by the disturbance estimating 
means 32. 

First, an explanation will be given of the calculation of a 
cross-correlation function between the i-th element of the 

estimated disturbance and the j-th element X of the internal 
state quantity vector “X” represented by Equation (8). The 
cross-correlation function is defined by the following for 
mula. 

AS previously mentioned, this description is based on the 
assumption that there is no correlation between the elements 
of the vibration disturbance vector d(t) and the elements of 
the internal State quantity vector X. 

The cross-correlation function and the autocorrelation 
function are represented by the following formulae. 
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(9) 

The values used in Equation (9) are represented by the 
following formulae. 

- 1 
W = Xi, 

k=1 

1 
X = XX, 

k=1 

The calculation which employs Equation (8) is based on 
the assumption that the internal State quantity X is directly 
measured through use of a Sensor, or the like. In contrast, in 
a case where the internal State quantity X is not directly 
measured, a cross-correlation function is desirably calcu 
lated from the value estimated by the disturbance estimating 
means 32 by the following equation. 

r 1 \, . . . . (10) CW, xi) X(6; – 6: )(ii, & ) 
k=1 

where x, represents an estimated value of X, 

a 1 \, . (11) 6, = (X, 
k=1 

1 \, , 
3. – ), 

The disturbance estimating means 32 is capable of esti 
mating the internal State quantity X of the dynamic System 
10 without errors regardless of the existence of a fault, 
external disturbance, or Vibration disturbance. 
Consequently, even in a case where the cross-correlation 
function as represented by Equations (10) and (11) is used, 
there can be obtained a result which is Substantially the same 
as that obtained by use of the directly-measured internal 
State of the dynamic System. 

Next, the diagnostic means 36 will be described. 

The diagnostic means 36 detects a fault and localizes the 
position of the fault by means of the correlation function Ci 
which is calculated by the correlation calculation means 34 
and represents a component relevant to internal disturbance. 
More specifically, the diagnostic means 36 can detect a 
variable component Aaji of the parameter by dividing the 
correlation function Ci by the autocorrelation VX of the 
state to thereby normalize the correlation function Ci. This 
is expressed as follows: 
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When the mean value is taken as Zero, the above formula 
becomes equivalent to Equation (7), which is based on the 
assumption that there is no correlation between elements of 
the vector . 

For example, the dynamic system 10 to be examined 
comprises constituent element I and constituent element II. 
It is assumed that the parameter expressing the constituent 
element I is provided at the first row-first column position of 
the matrix A of the dynamic System expressed by the 
equation of State (1), and that the parameters expressing the 
constituent element II is provided at the first row-first 
column position and the first row-second column position of 
the matrix A. At this time, if the correlation function C12, or 
Aa12, takes on any value, it is immediately determined that 
a fault is present in the constituent element II. If the 
correlation function C12 takes on no value, and the function 
C11, or Aa11, takes on any value, it is determined that a fault 
is present in the constituent element I. 
AS described above, according to the present invention, a 

fault occurring in any of the constituent elements constitut 
ing the dynamic System 10 is reliably detected, and the 
location of the fault can be correctly detected. 

For a conventional technique for calculating a quantity 
corresponding to a fault from a residual between a State 
estimated by an observer and a directly measured State, it is 
impossible to localize the fault by means of a simple 
calculation Such as the calculation of a correlation, because 
the relationship between the residual and the fault is not 
Simple (i.e., the relationship cannot be represented by a 
Simple equation Such as Equation (8)). 

According to the design of the disturbance estimating 
means 32, the present invention may take the following 
modes. 

In a first mode, the entire internal State quantity X(t) of the 
dynamic System 10 can be measured through use of a Sensor, 
or the like, and the disturbance estimating means 32 is 
formed So as to estimate only the total disturbance vector 
w(t). In this case, the degree of the disturbance estimating 
means 32 is required to correspond only to the degree of 
disturbance, and hence the disturbance estimating means 32 
has the advantages of Simple configuration and the highest 
degree of fault detection. 

In a Second mode, there may be a case where the internal 
State quantity X(t) of the dynamic System 10 can be partially 
measured or can be estimated by the disturbance estimating 
means without measurement. In Such a case, the disturbance 
estimating means 32 is formed So as to estimate and calcu 
late the total disturbance vector w(t) and the internal State 
quantity which cannot be measured or is not measured. 

In this case, there is no need to measure a part of the 
internal State quantity of the dynamic System 10, thereby 
eliminating need for the Sensor. The disturbance estimating 
means 32 estimates the internal State quantity which cannot 
be measured, as well as the quantity of disturbance. By use 
of the thus-estimated quantity in the calculation of a 
correlation, a fault can be measured in Substantially the same 
way where the entire internal state of the dynamic system 10 
is measured. 
A third mode is directed to a case where a part of the 

internal state quantity X(t) of the dynamic System 10 cannot 
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14 
be measured, and the disturbance estimating means 32 
estimates and calculates the total disturbance vector w(t) and 
the entire internal State quantity X(t) including an unmea 
Surable internal State quantity. 

Even in this case, as in the Second mode, the Sensor can 
be eliminated, and a fault can be localized in Substantially 
the same way where the overall internal State quantity of the 
dynamic System 10 is measured. 

This mode has an advantage that the design of the 
disturbance estimating means 32 is slightly simplified com 
pared with that in the Second mode. 
The calculation required for the first through third modes 

will be described in detail. First, as previously described 
with reference to the first mode, the overall internal state 
quantity of the dynamic System 10 is measured. 

In this case, a mean value of the disturbance vector 
defined by Equation (8) is expressed by the following 
equation. 

1 1 1 1 
w; - Aali). , * Ali) is to * Alii), it +...+ NX 
= Aaii X1 + Aa;2X2 + ... + Abitui + ... + di 

Accordingly, in a case where the entire internal State 
quantity of the dynamic System can be measured, the croSS 
correlation function between the estimated disturbance vec 
tor and the internal State quantity X is written as follows: 

1 W 

-- ... -Abiye, - Lii)(x-x) 

1 
+ X (d. - d 1)(x-x) 

k=1 

Provided that no correlation exists between the quantities of 
State of the dynamic System, the terms included in Equation 
(12) are represented by the following formula. 
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-continued 
1 W 

AX(x, -y, AV, - O 
k=1 

Further, assuming that there is no correlation between the 
State of the dynamic System X and the vibration disturbance, 
the following equation holds. 

1 
EX (d. -di)(x-x) = 0 

k=1 

AS a result, the value of the correlation function is finally 
expressed by the following equation. 

1 W 

V = NX (x-x) 
k=1 

1 W 

* - )." 
AS in the Second and third modes, when the croSS 

correlation function is calculated from the value estimated 
by the disturbance estimating means 32, the calculation is 
expressed by the following formula. 

c(61, ii) = 

ASSuming that no correlation exists between the quantities 
of State of the dynamic System, the terms included in 
Equation (13) are represented as follows: 

a 

a 
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-continued 

1 
X (d. - di)(3; –3) as O 
k=1 

Consequently, the value of the above correlation function 
is expressed by the following equation. 

1 
C(iii., ii) as Aaj X (x-x )(ii – ) 

k=1 

Even by use of the thus-obtained correlation function, a 
fault and the location of the fault can be detected in a similar 
manner to that employed previously. 

In a case where the control output becomes Sufficiently 
large because of application of large external disturbance d', 
the controller 12 Suspends the vibration control performed 
on the basis of the vibration Signal Au. In this case, a fault 
and the location of the fault can be detected solely by 
replacing the vibration disturbance “d' in the foregoing 
equation with external disturbance d'. 

In the diagnosis based on the previously-described 
principle, the disturbance estimating means for estimating 
the disturbance Stemming from a fault as one State is used as 
the fault detection means. As a result, there are no fault 
detection Speed/fault detection Sensitivity trade-offs, and 
hence the fault detection Speed and the fault detection 
sensitivity are both remarkably improved. Further, there is 
no need to use a plurality of observers corresponding to the 
number of faults, and a fault in an object to be examined can 
be localized with a high degree of sensitivity without 
measuring the entire State of the object, as required. 

Further, since the relationship between the estimated 
disturbance and the location of the fault can be expressed by 
Simple numerical equations, the external disturbance can be 
easily Separated from the internal disturbance Stemming 
from a fault by executing a simple calculation Such as the 
calculation of a correlation between the estimated distur 
bance and the internal State quantity of the object, thereby 
enabling localization of the fault. 

In this case, the internal State quantity used for calculation 
of a correlation can be represented by not only the internal 
State quantity of the object directly measured Solely by a 
Sensor, but also the internal State quantity of the object 
estimated by the disturbance estimating means at the same 
time it estimates disturbance, as required. As a result, 
detailed detection of a fault becomes feasible even when the 
entire internal State quantity of the object is not measured. 

(2) Invention Directed to a Tire Air-pressure 
Diagnostic Apparatus 
Description of the Invention 
Next, an explanation will be given of a case where the 

foregoing principle of the apparatus for diagnosing a 
dynamic System is applied to an apparatus for diagnosing the 
air pressure in the tire. 
With reference to the previously-described dynamic sys 

tem diagnostic apparatus shown in FIG. 1, the tire air 
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preSSure diagnostic apparatus according to the present 
invention will be described in more detail. 

In the present invention, the dynamic system 10 to be 
examined is a System comprising a Suspension System and a 
wheel. If there are variations in the air pressure in a tire, the 
internal State quantity of the System differs from that 
obtained when the air pressure is normal. In a Sense, the 
response output from the System when there are variations in 
the air pressure in the tire can be considered to be a Sum of 
the response output from the System when the air pressure is 
normal and the internal disturbance corresponding to the 
variation in the air pressure. If this disturbance, or a total 
disturbance vector, is estimated by use of the disturbance 
estimating means 32, Variations in the air pressure in the tire 
can be detected. 

It is assumed that the dynamic System 10 comprising a 
Suspension System and a wheel is expressed by the following 
equation of State. The following description is based on the 
assumption that the wheels receive a Small degree of dis 
turbance or no disturbance from the road Surface. This 
Situation corresponds to a case where the vehicle is traveling 
over a road in good condition. 

y=Cx (14) 

where reference Symbol “X” represents an internal State 
quantity vector of the system 10; “u' represents a control 
input; and “y” represents a control output vector (an internal 
State quantity vector) directly detected by and output from 
the system 10. Further, reference symbol “d” represents 
Vibration disturbance caused through Vibration. Matrices A, 
B, C are matrices of constants determined by physical 
parameters of the system 10. 

The vibration disturbance “d” is related to an vibration 
input Au according to the following equation. 

Here, in a case where the Suspension System is an active 
Suspension System, the control input “u' can be handled as 
the quantity of actuation of the active Suspension System. In 
this case, the quantity of actuation (u--Au)—which is the 
Sum of the quantity of actuation “u' and the quantity of 
Vibrating actuation Au for Vibrating the active Suspension 
System-is input to the active Suspension System. 

In other cases, the control input “u' can be handled as a 
mean braking force instruction Sent to a control Solenoid 
valve which applies braking force to the wheel cylinder of 
the wheel. In this case, an instruction (u--Au)—which is the 
Sum of a mean braking force instruction “U” and an vibra 
tion instruction Au for vibrating the braking force-is input 
to a control Solenoid valve. This method can be applied to 
both the active Suspension System and a conventional pas 
Sive Suspension System. 
As a matter of course, in the case of the active Suspension 

System, the active Suspension System and the braking force 
can be vibrated at the same time. 

FIG. 3 shows the configuration of the tire air-pressure 
diagnostic apparatus in a case where vibration is controlled 
by means of braking force. 

The tire air-pressure diagnostic apparatus shown in FIG. 
3 is equipped with a braking force controlling means 190 
which controls the braking force exerted on wheels-in lieu 
of the controller 12 shown in FIG. 1. The braking force 
control means 190 applies mean braking force Pm to the 
wheels in response to the braking force instruction “u,” as 
well as minutely vibrated braking force Pv to the wheels in 
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response to a micro-Vibration braking force instruction Au 
which is irrelevant to the internal State quantity of the System 
10. As a result, the braking force is minutely vibrated to the 
braking force Pv in the vicinity of the mean braking force 
Pm, and the vibration disturbance “d” is imparted to the 
system 10. 
The braking force instruction “u' output from the braking 

force control means 190 is converted into the braking force 
Pm-which is actually exerted on the wheels-by way of 
transmission characteristics 192 and is input to the distur 
bance estimating means 32. The transmission characteristics 
192 are represented by a transmission function H of a 
mechanism for converting the braking force instruction “u' 
into the actual braking force Pm. 
The braking force control means 190 receives the control 

output 16 and determines whether or not to vibrate the 
braking force according to the value of the control output 16 
in response to the micro-Vibration braking force instruction 
Au. In a case where the braking force control means 190 
does not determine whether or not to vibrate the braking 
force according to the control output 16, the tire air-pressure 
diagnostic apparatus is arranged So as to have a configura 
tion such as that shown in FIG. 4. More specifically, an 
output terminal of the dynamic System which outputs a 
control output is not connected to the braking force control 
means 190. 
The braking force control means 190 can be configured 

Such that even in a case where the mean braking force Pm 
is not applied to the wheels (i.e., u=0, Pm=0), vibration of 
the braking force according to the micro-Vibration braking 
force instruction Au is possible. The detailed configuration 
of the braking force control means 190 will be described 
later (FIGS. 20 to 21). 
The present invention will be separately described with 

reference to a case where the system 10 receives an input “u” 
and to a case where the System 10 does not receive the input 
“u. 

(Taking a System input into consideration) 
In this case, variations in the air pressure in the tire, or the 

like, are converted into variations in physical parameters of 
the System 10. These variations can be expressed through 
use of variations in the matrix A. More specifically, if the 
matrix A is shifted by only AA by means of variations in the 
air pressure, the System after occurrence of variations in the 
air pressure is expressed as follows: 

= A + Bit + Dw 

where Dw is expressed by the following equation. 
Dw-AAx-d (15) 

From Equation (15), it is understood that variations in the 
air pressure in the tire induce new disturbance AAX. Refer 
ence Symbol D designates a matrix consisting of 0 and 1 and 
is Set according to a channel-into which vibration distur 
bance enters-and to the Source of disturbance Stemming 
from variations in the parameter of the system 10. 
AS described above, a response of State vector output from 

the System when there are variations in the air pressure in the 
tire can be expressed as the Sum of the response output when 
the air pressure is normal and the disturbance Dw (t). The 
disturbance estimating means 32 is configured So as to 
estimate the disturbance “w.” 
The disturbance estimating means 32 is configured in two 

StepS as shown below. 
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In the first step is formed an extended system of the 
system whose state includes the disturbance w(t). To this 
end, the following Supposition is made with regard to the 
disturbance w(t), and the disturbance w(t) is added to the 
state of the system 10 to be examined. 

As a result, the extended system of the system 10 which 
includes the disturbance “w” is expressed by the following 
equation. 

(16) 

In the Second Step, the estimating means 32 for estimating 
the state XTwt expressed by Equation (16) is configured 
through use of conventional linear control theory. The 
disturbance “w” is estimated by means of the thus-designed 
estimating means 32. 
AS has already been explained, the assumption of Equa 

tion (23) signifies that the disturbance w(t) which changes 
continually is approximated Such that it changes Stepwise as 
indicated by 110 in FIG. 5. 

The disturbance estimating means 32 having the forego 
ing configuration can estimate an unmeasurable State and the 
disturbance corresponding to a fault even in a case where the 
entire internal State quantity vector X of the System 10 cannot 
be measured. 
AS is obvious from Equation (15), the disturbance esti 

mated by the estimating means 32 is the sum of the vibration 
disturbance “d” stemming from vibration and the internal 
disturbance AAX occurring in the System 10 as a result of 
variations in the air pressure in the tire. Equation (15) is 
expressed as a vector; for example, the first element of this 
vector is expressed by the following equation. 

Dwl=ADX+ADX+...+AaX+...+d, (17) 

where Aa is the first row-ith column element of the matrix 
AA. 

The disturbance estimating means 32 will be described 
Specifically on the basis of Equation (17). 

In Equation (17), assume that Aa is an element stem 
ming from variations in the air preSSure in the tire, and other 
elements Stem from variations in components other than the 
air pressure in the tire. In this case, it is understood that the 
internal disturbance Stemming from variations in the air 
preSSure in the tire depends on the State quantity X1. More 
Specifically, in this case, the State quantity which affects the 
System 10 as a result of variations in the air pressure in the 
tire is X1. 

In order to detect only the component-which is relevant 
to internal disturbance Stemming from variations in the air 
preSSure in the tire-by eliminating the vibration distur 
bance “d” from the disturbance Dw1 estimated by the 
estimating means 32, the cross-correlation between the 
estimated disturbance Dw1 and the internal State quantity 
X1 is calculated. The cross-correlation is calculated by 
means of the correlation calculation means 34. Provided that 
the cross-correlation calculated at this time is C(Dw1, w1), 
the value represented by the following expression is 
obtained. 

1O 
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1 (18) CDw11, xi) = Aali X(x, -y, 
k=1 

where x is a mean value represented by 

1 
N W1. 2. 

and N is the number of samples used for the calculation of 
a correlation. 
As previously described, the term related to the vibration 

disturbance and the term related to the internal disturbance 
Stemming from variations in components other than the air 
preSSure are irrelevant to the internal State quantity X1. 
Accordingly, only the internal disturbance corresponding to 
variations in the air preSSure in the tire can be extracted from 
the estimated disturbance “w” by calculation of the corre 
lation expressed by Equation (18). 
The thus-calculated correlation function takes on a value 

corresponding to the frequency component of internal dis 
turbance Stemming from only variations in the Spring con 
Stant of the tire from among various frequency components 
included in the estimated disturbance “w.” Accordingly, the 
amount of variation in the Spring constant can be detected 
from the values calculated by the correlation function. 
The correlation function expressed by Equation (18) can 

be represented by the product of item Aa representing 
variations in the Spring constant and the autocorrelation 
function of the State quantity represented by the following 
equation. For example, the diagnostic means 36 can quan 
titatively detect the amount of variation Aa in the Spring 
constant by dividing the cross-correlation function by the 
autocorrelation function of State quantity. 

The diagnostic means 36 determines that the air pressure is 
anomalous when the thus-detected amount of variation Aa 
in the Spring constant reaches the amount of variation in the 
Spring constant corresponding to the air pressure in the tire 
determined to be anomalous. 
(Where there is no input to the system 10) 
An explanation will now be given of a case where there 

is no input to the system 10, and the system 10 is only 
minutely vibrated. 

In this case, the dynamic System 10 comprising the 
Suspension System and the wheels is expressed by the 
following equation of State. 

Where “X” designates a State quantity vector of the System 
10; “y” designates an output vector measured directly by 
means of a Sensor of the System; and “d” designates vibra 
tion disturbance. The matrices A, B, and C are matrices of 
constants determined by physical parameters of the System 
10. The system 10 is different from the active suspension 
System in that there is no input “u, expressed by Equation 
(14), to the system 10. 
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Given that the matrix A is shifted by AA because of 
variations in air pressure, the System after the air pressure 
has changed is expressed by the following equation. 

(19) 

where Dw is represented as 
Dw-AAx-d (20) 

From Equations (19) and (20), the extended system of the 
system 10 which includes the disturbance “w” is expressed 
by the following equation. 

f = | 
X 

y = C o 

The system including the disturbance observer 32 is 
completely the same in configuration and operation as the 
active Suspension System, with the exception of the input 
“u. 
AS described above, even in a case where there is no input 

to the System 10, as in the conventional Suspension System, 
an anomaly in the air pressure in the tire can be detected. 
The foregoing dynamic System diagnostic apparatus can 

also be applied to the diagnosis of the State of components 
around a tire (e.g., the damping force of a damper used in the 
Suspension System, the eccentric State of a tire, the State of 
a wheel, the wear of the tire, and foreign objects cut into the 
tire). 
AS has been described above, according to a first aspect 

of the invention, Since there is provided means for vibrating 
the dynamic System, the control output can be increased 
even when there is a Small degree of external disturbance. AS 
a result, there is yielded an advantage of the ability to highly 
accurately diagnose a fault or variations in the air pressure 
in the tire. 

Further, according to the present invention, the dynamic 
System is vibrated with a signal irrelevant to a State quantity 
of the dynamic System, and hence there is yielded an 
advantage of the ability to constantly maintain a high degree 
of accuracy of fault detection compared with a diagnosing 
apparatus which utilizes external disturbance as an input. 
To accomplish the aforementioned object, according to a 

Second aspect of the present invention, there is provided a 
braking force estimation device, comprising, a first input 
means for receiving a wheel Speed; a Second input means for 
receiving a physical quantity which indicates the Slipping 
ability of a wheel; braking pressure estimating means for 
estimating a mean braking pressure from an wheel Speed and 
the physical quantity. 

In the Second aspect of the present invention, the braking 
preSSure estimating means estimates a mean braking pres 
Sure from the wheel Speed and the physical quantity. The 
physical quantity includes, the gradient of friction coeffi 
cient between the road Surface and the wheel with respect to 
a slip Speed, the gradient of braking force with respect to a 
Slip Speed, and the gradient of braking torque with respect to 
a slip Speed. 
AS described above, in a Second aspect of the present 

invention, the mean braking preSSure is estimated from the 
wheel Speed and the physical quantity. The coefficient of 
friction reaches its peak value when the physical quantity is 
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Zero regardless of the State of the road Surface. In the present 
invention, regardless of the State of the road Surface, the 
mean braking pressure can be stably estimated highly accu 
rately without use of a preSSure Sensor. 

According to a third aspect of the present invention, there 
is provided a braking force estimating device, comprising: 
first input means for receiving a wheel Speed input; Second 
input means for receiving a resonance gain which is a ratio 
of a micro amplitude of the wheel Speed at a resonance 
frequency with respect to a micro amplitude of a braking 
preSSure at the time of vibration of the braking pressure at 
the resonance frequency of a resonance System including a 
vehicle body, a wheel, and a road Surface; a third input 
means for receiving a pressure increase/decrease time 
required to achieve a mean braking pressure with respect to 
a given master cylinder pressure or a physical quantity 
asSociated with the pressure increase/decrease time, braking 
preSSure estimating means for estimating the mean braking 
preSSure from the input wheel Speed and a resonance gain on 
the basis of a model in which the gradient of braking torque 
with respect to a slip Speed is proportional to the resonance 
gain; master cylinder pressure estimating means for estimat 
ing a master cylinder pressure on the basis of the mean 
braking pressure estimated by Said braking pressure esti 
mating means and the pressure increase/decrease time 
required to achieve the mean braking pressure or the physi 
cal quantity associated with the preSSure increase/decrease 
time, and micro amplitude estimating means for estimating 
the micro amplitude of the braking pressure on the basis of 
the master cylinder pressure estimated by Said master pres 
Sure estimating means and of the pressure increase/decrease 
time required to achieve the mean braking pressure or the 
physical quantity associated with the preSSure increase/ 
decrease time. 

In the third aspect of the present invention, the braking 
preSSure estimating means estimates a mean braking pres 
Sure from the input wheel Speed and the resonance gain on 
the basis of a model in which the gradient of braking torque 
with respect to the Slip Speed is proportional to the resonance 
gain. Subsequently, the master cylinder preSSure estimating 
means estimates master cylinder preSSure on the basis of the 
estimated mean braking pressure and the preSSure increase/ 
decrease time required to achieve the input mean braking 
preSSure or the physical quantity associated with the pres 
Sure increase/decrease time. The micro amplitude estimating 
means estimates the micro amplitude of the braking preSSure 
on the basis of the master cylinder pressure estimated by the 
master cylinder pressure estimating means and of the pres 
Sure increase/decrease time required to achieve the input 
mean braking pressure or the physical quantity associated 
with the pressure increase/decrease time. 

The pressure increase/decrease time required to achieve 
the mean braking preSSure include a preSSure increase time 
and a pressure decrease time of the valve which is controlled 
So as to apply the mean braking force. For example, the 
physical quantity associated with the preSSure increase/ 
decrease time includes a mean braking pressure (i.e., a mean 
braking pressure reference value which will be described 
later) corresponding to the pressure increase/decrease time 
and under which pressure the micro amplitude of the braking 
preSSure becomes constant while the master cylinder pres 
Sure is constant. 
AS described above, in the third aspect of the present 

invention, master cylinder pressure is estimated from the 
mean braking preSSure estimated on the basis of a model in 
which the friction-torque gradient is proportional to the 
resonance gain. The coefficient of friction reaches its peak 
value when the friction-torque gradient is Zero regardless of 
the State of the road Surface. In the present invention, 
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regardless of the State of the road Surface, the master 
cylinder preSSure can be stably estimated highly accurately 
without use of a pressure Sensor. 

According to a fourth aspect of the present invention, 
there is provided an anti-lock brake controller comprising: 
wheel Speed detection means for detecting a wheel Speed; 
resonance gain calculation means for calculating a reso 
nance gain which is the ratio of the micro amplitude of the 
wheel Speed at a resonance frequency with respect to the 
micro amplitude of a braking preSSure at the time of Vibra 
tion of the braking pressure at the resonance frequency of a 
resonance System including a vehicle body, a wheel, and a 
road Surface; braking preSSure estimating means for esti 
mating a mean braking pressure from the wheel Speed 
detected by Said wheel Speed detection means and the 
resonance gain calculated by Said resonance gain calculation 
means on the basis of a model in which the gradient of 
braking torque with respect to a slip Speed is proportional to 
the resonance gain; master cylinder pressure estimating 
means for estimating master cylinder pressure on the basis 
of the mean braking pressure estimated by Said braking 
preSSure estimating means and a pressure increase/decrease 
time required to achieve the mean braking preSSure or a 
physical quantity associated with the preSSure increase/ 
decrease time, micro amplitude estimating means for esti 
mating the micro amplitude of the braking preSSure on the 
basis of the master cylinder pressure estimated by Said 
master pressure estimating means and the pressure increase/ 
decrease time required to achieve the mean braking pressure 
or the physical quantity associated with the pressure 
increase/decrease time and for outputting the estimated 
micro amplitude of the braking pressure to Said resonance 
gain calculation means, control means for controlling the 
preSSure increase/decrease time required to achieve the 
mean braking pressure in Such a way that the resonance gain 
calculated by Said resonance gain calculation means matches 
or Substantially matches a reference gain; and reference 
means for outputting to the master cylinder pressure esti 
mating means the pressure increase/decrease time which is 
required to achieve the mean braking preSSure and is con 
trolled by Said control means or the physical quantity 
asSociated with the preSSure increase/decrease time. 

In the fourth aspect, the aforementioned braking pressure 
estimating device is applied to an anti-lock brake controller. 
AS a result, Stable anti-lock braking operation becomes 
feasible by means of a simply-Structured apparatus and 
without use of a preSSure Sensor regardless of the State of the 
road Surface. 

According to a fifth aspect of the present invention, there 
is provided a braking pressure controller comprising: a 
control valve equipped with a pressure increase valve for 
increasing the braking pressure exerted on a wheel cylinder 
and a pressure decrease valve for decreasing the braking 
preSSure, and controlling means for controlling the control 
Valve in Such a way as to alternately Switch, at a given cycle, 
between a first State, including a pressure increasing State in 
which the braking pressure is increased by the preSSure 
increase valve and a pressure holding State in which the 
braking pressure is held, and a Second State, including the 
State in which the braking pressure is decreased by the 
preSSure decrease valve and, the pressure holding State and 
for controlling the periods for the pressure increasing State 
and preSSure decreasing State of the control valve. 

In the fifth aspect of the present invention, the first state 
including a preSSure increasing State and the Second State 
including a pressure decreasing State are alternatively 
Switched at a given cycle. The braking pressure is controlled 

15 

25 

35 

40 

45 

50 

55 

60 

65 

24 
by controlling the preSSure increase and decrease time 
periods in each of the States, thereby enabling continuous 
control of braking pressure. The cycle at which the States are 
Switched is made constant, and hence the present invention 
is easily applied to an ABS System which controls anti-lock 
braking operation on the basis of variations in the resonance 
characteristics of the braking pressure by minutely vibrating 
the braking preSSure. In the fifth aspect of the present 
invention, when the braking preSSure is to be held, the 
preSSure increase and decrease valves are both closed. 
The braking preSSure can be minutely vibrated to Such an 

extent that resultant variations in the braking pressure do not 
provide the driver with unpleasant feeling by shortening the 
cycle at which the first and Second States are Switched (i.e., 
by increasing the cycle to a high frequency), thereby pre 
venting kickback. As a result, vehicle behavior is not Sub 
jected to great variations. In a case where the anti-lock brake 
controller is applied to an ABS system, ABS control can be 
improved further. 
The mean braking pressure can be continually controlled 

without changing the valve configuration which comprises 
two valves, i.e., a preSSure increase valve and a preSSure 
decrease valve, and is used in the current ABS System, 
thereby not requiring a change in hardware. 
AS has been described above, in the Second aspect of the 

present invention, Since the master cylinder pressure is 
estimated from the mean braking pressure estimated on the 
basis of the model in which the friction-torque gradient is 
proportional to the resonance gain, the present invention 
provides an advantage of being capable of Stably estimating 
the master cylinder pressure highly accurately without use of 
a pressure Sensor regardless of the State of the road Surface. 

Further, in the third aspect of the present invention, the 
master cylinder pressure is estimated from the mean braking 
pressure estimated on the basis of the model in which the 
friction-torque gradient is proportional to the resonance 
gain, and the resonance gain used for determining the State 
of the wheel immediately before wheel lock is calculated 
from the micro amplitude of the braking preSSure obtained 
on the basis of the master cylinder pressure. As a result, the 
present invention provides an advantage that highly 
accurate Stable anti-lock braking operation is enabled 
regardless of the State of the road Surface through use of a 
device having a simple Structure without use of any preSSure 
SCSO. 

In the fifth aspect of the present invention, the first state 
including the pressure increasing State and the Second State 
including the pressure decreasing State are alternatively 
Switched at a given cycle, and the braking pressure is 
controlled by adjusting the pressure increase and decrease 
time periods in each of the States. As a result, the present 
invention provides an advantage of enabling Smooth and 
continuous braking preSSure control. 

Still further, in the fourth aspect of the present invention, 
the cycle at which1 the first and Second States are Switched 
is shortened, thereby resulting in Still other advantages of 
Suppressing variations in the braking pressure to Such an 
extent as not to provide the driver with unpleasant feeling 
and of preventing great variations from arising in vehicle 
behavior. In a case where the anti-lock brake controller is 
applied to an ABS system, ABS control can be improved to 
a much greater extent. In addition, the mean braking pres 
Sure can be continually controlled without changing the 
Valve configuration including two valves, i.e., a preSSure 
increase valve and a pressure decrease valve, used in the 
conventional ABS System, thereby not requiring a change in 
hardware. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing a first example of a 
diagnostic apparatus of the present invention for a dynamic 
System; 

FIG. 2 is a block diagram showing a Second example of 
a diagnostic of the present invention for a dynamic System; 

FIG. 3 is a block diagram showing the first example of a 
diagnostic apparatus of the present invention for a dynamic 
System composed of a wheel and a Suspension System; 

FIG. 4 is a block diagram showing the Second example of 
the diagnostic apparatus of the present invention for a 
dynamic System composed of a wheel and a Suspension 
System; 

FIG. 5 is a curve showing a method of approximating 
disturbance used in a first embodiment; 

FIG. 6 is a Schematic representation of a Suspension 
System of a vehicle to be diagnosed in accordance with the 
first embodiment; 

FIG. 7 is a block diagram showing a diagnostic apparatus 
in accordance with a first mode of the first embodiment for 
diagnosing the Suspension System model shown in FIG. 6; 

FIG. 8 is a block diagram showing a second mode of the 
diagnostic apparatus in accordance with the first embodi 
ment, 

FIG. 9 is a block diagram showing a third mode of the 
diagnostic apparatus in accordance with the first embodi 
ment, 

FIG. 10 is a Schematic representation showing a dynamic 
System including an active Suspension System and a wheel; 

FIG. 11 is a block diagram showing a diagnostic apparatus 
in accordance with a second embodiment for diagnosing the 
dynamic system shown in FIG. 10; 

FIG. 12 is a Schematic representation showing a dynamic 
System including a conventional Suspension System and a 
wheel; 

FIG. 13 is a block diagram showing a diagnostic appa 
ratus in accordance with a fourth embodiment for diagnos 
ing the dynamic system shown in FIG. 12; 

FIG. 14 is a block diagram showing a minimum dimen 
Sion observer in accordance with the first embodiment; 

FIG. 15 is a dynamic model of the vehicle in accordance 
with the fourth embodiment; 

FIG. 16 is an equivalent model made by conversion of the 
dynamic model of the vehicle along the axis of rotation; 

FIG. 17 is a block diagram showing the configuration of 
the diagnostic apparatus in accordance with the fourth 
embodiment of the present invention; 

FIG. 18 is a flowchart showing the flow of operation of the 
diagnostic apparatus (e.g., the diagnosis of air pressure in the 
tire) in accordance with the fourth embodiment; 

FIG. 19 is a graph showing a difference in vibration 
characteristics between the dynamic System in a normal 
condition and the dynamic System in an anomalous condi 
tion in accordance with the fourth embodiment; 

FIG. 20 is a block diagram showing the configuration of 
braking force control means of the dynamic System in 
accordance with the fourth embodiment; 

FIG. 21 is a block diagram showing an vibration instruc 
tion signal generation Section of the braking force control 
means of the dynamic System in accordance with the fourth 
embodiment; 

FIG. 22 is a diagrammatic representation showing the 
processing performed by an FFT calculation Section and an 
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Vibration characteristics detection Section of the diagnostic 
apparatus in accordance with the fourth embodiment; 

FIG. 23A is a schematic representation showing an ABS 
actuator including one 3-position valve; 

FIG. 23B is a schematic representation showing an ABS 
actuator including two 2-position Valves, 

FIG. 24A is a plot showing pulses for opening or closing 
a pressure increase valve; 

FIG. 24B is a plot showing pulses for opening or closing 
a pressure decrease valve; 
FIG.24C is a plot showing variations in hydraulic wheel 

cylinder pressure with time when the preSSure increase and 
decrease valves are controlled by means of the foregoing 
pulses; 

FIG. 25A is a timing chart showing the relationship 
between hydraulic braking pressure and the pressure 
increasing, decreasing and holding instructions for the valve 
in an ordinary situation; 
FIG.25B is a timing chart showing the between hydraulic 

braking preSSure and the pressure increasing, decreasing and 
holding instructions for the valve in a case where pressure 
increase time t is longer than pressure-decrease time t, 

FIG. 25C is a timing chart showing the between hydraulic 
braking preSSure and the pressure increasing, decreasing and 
holding instructions for the valve in a case where pressure 
increase time t is shorter than preSSure-decrease time t; 

FIG. 26A is a graph showing the characteristics of a 
hydraulic braking pressure with respect to the preSSure 
increase and decrease time periods, and particularly, the 
characteristics of a mean braking preSSure; 

FIG. 26B is a graph showing the characteristics of a 
hydraulic braking pressure with respect to the pressure 
increase and decrease time periods, and particularly, the 
micro amplitude characteristics of the braking pressure; 

FIG. 27A is a graph showing the characteristics of a 
hydraulic braking pressure with respect to the master cyl 
inder pressure, and particularly, the characteristics of a mean 
braking pressure; 

FIG. 27B is a graph showing the characteristics of a 
hydraulic braking pressure with respect to the preSSure 
increase/decrease time, and particularly, the micro ampli 
tude characteristics of the braking pressure; 

FIG. 28 is a block diagram showing estimation of hydrau 
lic braking pressure in accordance with a fifth embodiment; 

FIG. 29 is a graph showing the relationship between slip 
Speed Act) and a coefficient of friction u and a gradient of the 
friction of coefficient it in relation to the Slip Speed Ac); 

FIG. 30A is a graph showing the preSSure increase and 
decrease time periods for maintaining the constant micro 
amplitude of the braking pressure, and particularly, the 
relationship between a mean braking pressure and preSSure 
increase time; 

FIG. 30B is a graph showing the pressure increase and 
decrease time periods for maintaining the constant micro 
Vibration of the braking preSSure, and particularly, the rela 
tionship between the mean braking pressure and preSSure 
decrease time; 
FIG.31 is a plot showing the relationship between the slip 

Speed Act), braking torque Tb, and the gradient of the braking 
torque T., 

FIG. 32 is a block diagram showing the configuration of 
an anti-lock brake controller in accordance with the fifth 
embodiment; 

FIG. 33 is a block diagram showing an example of 
configuration of a mean braking pressure estimation Section 
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constituting the braking pressure estimation apparatus in 
accordance with the fifth embodiment; 

FIG. 34 is a block diagram showing an example of 
configuration of a master cylinder pressure estimation Sec 
tion constituting the braking pressure estimation apparatus 
in accordance with the fifth embodiment; 

FIG. 35 is a block diagram showing an example of 
configuration of a braking pressure micro amplitude estima 
tion Section constituting the braking pressure estimation 
apparatus in accordance with the fifth embodiment; 

FIG. 36 is a block diagram showing an example of 
configuration of a resonance gain calculation Section con 
Stituting the anti-lock brake controller in accordance with 
the fifth embodiment; 

FIG. 37 is a block diagram showing an example of 
configuration of a PI controller constituting the anti-lock 
brake controller in accordance with the fifth embodiment; 

FIG. 38 is a block diagram showing a signal for instruct 
ing the actuation of the valve of the ABS actuator consti 
tuting the anti-lock brake controller in accordance with the 
fifth embodiment; 

FIG. 39A is a graph for explaining the result of operation 
of the anti-lock brake controller in accordance with the fifth 
embodiment, showing variations in wheel Speed (), and 
vehicle Speed (), with time; 

FIG. 39B is a graph for explaining the result of operation 
of the anti-lock brake controller in accordance with the fifth 
embodiment, showing variations in a slip rate S with time; 

FIG. 39C is a graph for explaining the result of operation 
of the anti-lock brake controller in accordance with the fifth 
embodiment, showing variations in actual wheel cylinder 
preSSure P, and in estimated mean braking pressure P, with 
time; and 

FIG. 39D is a graph for explaining the result of operation 
of the anti-lock brake controller in accordance with the fifth 

embodiment, showing variations in a resonance gain G and 
a reference gain G with time. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

First Embodiment 

An example of application of the present invention to 
detection of a fault in an active Suspension control System in 
a vehicle will now be described as a first embodiment. 

FIG. 6 shows a specific example of a dynamic system 10 
shown in FIG. 1 to be examined in the first embodiment. 
This dynamic system 10 represents a vibration model of a 
Single wheel Suspension unit of the vehicle. In the drawing, 
a wheel 41 is represented by a combination of an unsprung 
mass Section expressed by a parameter m1 and a Spring 
Section of the wheel (or tire) expressed by a spring constant 
k1. Reference numeral 42 designates a vehicle body having 
a Spring constant m2; 46 designates a gas Spring having a 
Spring constant k2, 48 designates a damper having a damp 
ing constant Dm; and 56 designates the amount of displace 
ment with reference to the road Surface. Further, reference 
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28 
numeral 52 designates unsprung displacement represented 
by a variable X1, 50 designates sprung displacement repre 
Sented by a variable X2, 54 designates relative displacement 
(i.e., x1-X2) represented by a variable “y”; and 44 desig 
nates a control force generator which produces active con 
trol force “f required for control operation, from the quan 
tity of actuation “u' output from a controller for controlling 
the Suspension unit. 
At the time of diagnosis of the dynamic system 10, the 

quantity of actuation (u--Au) made by addition of another 
quantity of actuation Au for Vibration purposes to the 
quantity of actuation “u' is input to the control force 
generator 44. The control force generator 44 produces active 
control force (f-Af) which is the sum of the active control 
force “f” and vibration control force Af. As a result, the 
vehicle body 42 and the wheel 41 are vibrated by the 
vibration control force Afaround the area displaced by the 
control force “f.” Further, a white signal or a frequency 
shifted Signal is used as the quantity of actuation Au. It is 
assumed that the displacement occurring in the dynamic 
system 10 as a result of vibration control force Af is taken 
as x0. This value x0 is given by the following equation. 

Since the first embodiment is based on the assumption 
that the vehicle travels over a road in good condition, the 
displacement 56 with reference to the road surface is smaller 
than the displacement X0. Accordingly, external disturbance 
is ignored (the same applies to other embodiments which 
will be described below). 
From the drawing, the equation of State 1-1 is represented 

as follows; 

O 1 O 

-Dn-b k1 fm 
O O 

Dnfn2 O 
O O 

- 

O 

k2 fn2 
O 

k1 in 
it -- W0 

where T represents the response time of the control force 
generator 44; i.e., a time lag between the quantity of 
actuation “u' and the active control force “f” Further, “a” 
and “b' are expressed as 

b=1 in 1+1/m2. 

Presumable faults in the first embodiment are an anomaly 
in the air pressure in a broken tire, an anomalous preSSure in 
the gas Spring 46, and a fault in the damper 48. These faults 
are handled as variations in the respective parameters k1,k2, 
and Dm. A disturbance observer 32 is formed on the basis of 
the foregoing vibration model 10. 
More specifically, the parameters k1,k2, Dm exist in the 

Second and fourth elements in the right Side of Equation 
(2-2). Accordingly, the channel along which the internal 
disturbance Stemming from a presumable fault enters the 
actuation unit is Set to these two areas. The channel is Set 
according to the matrix D expressed by Equation (2). In this 
case, the channel is desirably Set in a manner as represented 
by the following expression. 
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The extended System represented by Equation (4b) is 
formed through use of the matrix D, and the disturbance 
observer 32 shown in FIG. 7 is formed. 

In the first embodiment is formed the disturbance 
observer 32 according to three modes shown below. 

The first mode is a case where all of the Sprung displace 
ment X2, Sprung Speed, relative displacement "y,” relative 
Speed, and active control force “f” in the Suspension model 
10 can be measured. In this mode, there is no need for the 
disturbance observer 32 to estimate the internal State quan 
tity of the dynamic System. The Sprung Speed and relative 
Speed are respectively expressed by the following equations. 

Sprung speed=X2 

Relative speed=y 

The Second mode is a case where only the Sprung dis 
placement X2 and the relative displacement “y” can be 
measured, and the disturbance observer 32 estimates the 
unmeasurable internal State quantity of other elements in the 
Suspension System (e.g., the sprung speed and the relative 
Speed in this case). 

The third mode is a case where only the Sprung displace 
ment X2 and the relative displacement y can be measured, 
and the disturbance observer 32 estimates the entire internal 
State quantity of the Suspension System including the sprung 
displacement and the relative displacement. 

The disturbance observer 32 used for each of the forego 
ing modes and a diagnostic apparatuS 30 employing this 
disturbance observer 32 will be described in detail herein 
below. 
First Mode 

FIG. 7 shows a block diagram of the diagnostic apparatus 
30 used for the first mode. In the drawing, reference 10 
designates the dynamic System (a Suspension System for a 
single wheel) shown in FIG. 6; 12 designates a controller for 
controlling the Suspension System; 14 designates the quan 
tity of actuation (u--Au) output from the controller 12 for 
controlling the Suspension System; and 16 designates the 
entire internal State quantity of the Suspension System mea 
Sured through use of a Sensor (not shown). 

Since the entire internal State quantity of the Suspension 
System is measured through use of the Sensor, there is no 
need for the disturbance observer 32 to estimate a part of, or 
the entirety of, the internal State quantity of the Suspension 
system, unlike the second and third modes, which will be 
described later. Reference numeral 17 designates the quan 
tity of actuation “u' input to the disturbance observer 32 
from the controller 12. Only the quantity of actuation “u” 
resulting from subtraction of the vibration input Au from the 
quantity of actuation (u--Au) is input to the disturbance 
observer 32. 

The disturbance observer 32 in the first embodiment 
acknowledges, as internal disturbance in the dynamic Sys 
tem 10 to be examined, an anomaly in the air pressure in the 
tire in the dynamic System 10, an anomaly in the pressure in 
the gas Spring, or a fault in the damper. A total disturbance 
vector “w” which is a Sum of an vibration disturbance 
vector and an internal disturbance vector of the dynamic 
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system 10 is estimated from the quantity of actuation 14 of 
the controller 12 and the entire state quantity 16 of the 
dynamic System 10, and the thus-estimated total disturbance 
vector “w” is output to a correlation calculation section 34. 

The correlation calculation Section 34 calculates a croSS 
correlation between the value of the total disturbance vector 
“w” estimated and calculated by the disturbance observer 32 
and the internal State quantity of the dynamic System 10; 
namely, the Sprung displacement, the relative displacement, 
and the relative Speed. At this time, the internal State 
quantity; i.e., the Sprung displacement, the relative 
displacement, or the relative Speed, is irrelevant to vibration 
disturbance. For this reason, the influence of the vibration 
disturbance is eliminated from the internal State quantity by 
calculation of a cross-correlation between the internal State 
quantity and the estimated value of the total disturbance 
vector, thereby Separating from the internal State quantity the 
components associated with the internal disturbance Stem 
ming from the fault. The result of Such calculation can be 
output to a diagnostic Section 36. 
The diagnostic Section 36 detects a fault occurring in the 

dynamic system 10 on the basis of the result of calculation 
received from the cross-correlation calculation Section 34, 
and localizes a Specific location of the fault in the Suspension 
System on the basis of the location of the internal disturbance 
calculated by the cross-correlation calculation Section 34. 
The diagnostic apparatuS 30 in accordance with the first 

embodiment has the aforementioned configuration, and the 
operation of the diagnostic apparatuS 30 will now be 
described. 
ASSume that the presumable fault has arisen in the 

dynamic system 10 shown in FIG. 6. In such a case, the 
disturbance observer 32 estimates, from the control input “f” 
sent to the suspension system 10 and the state of the dynamic 
system 10, the second and fourth elements w2, wa of the 
total disturbance vector previously Set according to a fault. 
At this time, given that lag in the estimation of the distur 
bance is negligibly Small, the estimated value is expressed 
by the following Equation (22). 

Aki Ak2 Ak2 Aki k1 + Aki 5.2 s - - - + - + - y - ADnby - - - x2 + WO (22) 
in in m2 in in 

r Ak2 ADn 
14 s - y + y 

in m2 

= 3 = 5 = 0 

where W1, W2, W., W., W.s represent estimated values of 
W1, W2, W, W, and Ws, respectively. 

In Equation (22), Ak1 represents a variation in the param 
eter Stemming from an anomaly in the air pressure in the tire; 
Ak2 represents a variation in the parameter Stemming from 
an anomaly in the pressure in the gas Spring, and ADm 
represents a variation in the parameter Stemming from a 
fault in the damper. 
The thus-estimated total disturbance is a Sum of the Sum 

of products-between the variations in the parameters and a 
variable of State of the Suspension System (i.e., the relative 
displacement “y, the relative speed of displacement, and the 
sprung displacement X2)-and the displacement x0 exerted 
on the Suspension System as vibration disturbance. 
On the basis of the estimated total disturbance, the cross 

correlation calculation Section 34 and the diagnosis Section 
36 separate the vibration disturbance from the internal 
disturbance and determines a fault in the following manner. 

First, a correlation function C21 between the estimated 
value of w2 and the measured value “y,” a correlation 
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function C41 between the estimated value of wa- and the 
measured value “y,” and a correlation function C42 between 
the estimated value of wa- and the measured value thereof 
(i.e., relative speed), are calculated. Although the estimated 
value of w2 includes vibration disturbance, the influence of 
displacement Stemming from the vibration disturbance irrel 
evant to the measured value “y” is eliminated by finding the 
correlation between the measured value “y” and the esti 
mated value of w2. As a result, only the disturbance Stem 
ming from the fault is extracted in the form of; e.g., a value 
of the correlation function C21. 

Next, the fault is localized on the basis of the thus 
obtained correlation functions. For example, only the value 
corresponding to a variation in the gas Spring is obtained 
from the correlation function C41. For this reason, if there 
is any anomaly in this value, a fault in the gas Spring can be 
localized. 

Similarly, if there is any anomaly in the value of the 
correlation function C42, the damper is determined to be 
faulty. 

Finally, an anomaly in the air pressure in the tire is 
determined by the correlation function C21. If the gas Spring 
is faulty or the air pressure in the tire is anomalous, the 
correlation function C21 takes on a value. However, a fault 
in the gas Spring is detected by the determination made by 
the correlation function C41. Hence, if the gas Spring is in 
a normal condition, and there is an anomaly in the value of 
the correlation function C21, an anomaly in the air pressure 
in the tire can be determined. If an anomaly in the gas Spring 
and an anomaly in the air preSSure in the tire Simultaneously 
arise, it is impossible to distinguish the anomalies from one 
another. However, Such a trouble occurs very rarely, and 
hence no actual problem arises. 
As described above, the relationship between the esti 

mated value of the total disturbance and the location of a 
fault can be expressed by a simple mathematical equation in 
the first embodiment. Consequently, a fault can be localized 
by executing a simple calculation Such as calculation of a 
correlation between the state of the object to be examined 
and an estimated value. 

Further, disturbance is imparted to the dynamic System 
through vibration in the first embodiment even when exter 
nal disturbance is very Small, as in a case where the vehicle 
travels over a road in good condition. As a result, a reduction 
in the accuracy of calculation attributable to a reduction in 
the control output can be prevented. Moreover, as a result of 
imparting to the dynamic System the vibration disturbance 
irrelevant to the internal State quantity of the dynamic 
System, a fault can be highly accurately detected at all times. 
(Second Mode) 

FIG. 8 is a block diagram showing the disturbance 
observer 32 configured So as to correspond to the 
previously-described Second mode and the diagnostic appa 
ratus 30 employing this disturbance observer 32. The ele 
ments which are the same as those shown in FIG. 7 are 
assigned the same reference numerals, and hence their 
explanations will be omitted here. 

In the present embodiment, only the Sprung displacement 
X2 and the relative displacement “y” are directly measured, 
as the internal State quantity of the dynamic System 10, from 
the dynamic system 10 constituting the vibration model of 
the Suspension System. The internal State quantity of another 
element in the dynamic System 10, e.g., relative speed, is not 
directly measured. 

In this case, from the quantity of actuation 14 and the 
measured value 16, the disturbance observer 32 estimates 
and calculates the Sprung Speed, the relative Speed, and the 

15 

25 

35 

40 

45 

50 

55 

60 

65 

32 
active control force among the internal State quantity of the 
dynamic System 10 which have not yet been measured, as 
well as the total disturbance vector of the dynamic System 
10. The thus-estimated factors are output to the correlation 
calculation Section 36. 
The disturbance observer 32 is designed in the manner as 

represented by the following equations. 
First, an expanded System of the dynamic System 10 is 

formed on the basis of Equations (4b), (2), and (21). 

(23) 
k O 

y -a - Dmb - O -b. 1 0 || 
in O y y 

O O O 1 O O O O 
X2 X2 

d k2 Dn 1 O 
X2 - - - O O - 0 1 X2 -- ii. 

cit m2 m2 in 1 
f 1 f T 
w 0 0 0 0 1 0 0|w. O 
W4 O W4 O 

O 

The measurable State quantities “y” and X2 are separated 
from the unmeasurable State quantity through use of Equa 
tion (23). 

(3-3) 
y O O 0 1 0 0 0 |y 
X2 X2 

k . -a - - - : - Dmb O -b 1 O 
dy in 

F k D 1 + 
dt i O 0 0 1 || 8 

2 2 2 
f 1 f 
w O O 0 0 - 0 0 ||w. 
W4 O O O O O O O LW4 

O O 0 0 () () () 

To simplify the expression, Equation (3-3) is transformed 
in the manner as shown below. 

| A11 : A 12 x B1 (4-4) 
-- cit ii. 

Wh A21 : A22 | Xb B2 

where 

y x = = 3 i2 f w2 wal 

The state quantity xb-which includes total disturbance 
and is unmeasurable-is estimated through use of the fol 
lowing equation. 
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From Equations (4-4) and (24), an error between a true 
value Xb and an estimated value can be written as 

where x, represents an estimate value and Xb represents a 
true value. 
Consequently, So long as the matrix of real number G is 
determined in Such a way that all the characteristic values of 
the vector of (A22-GA12) in Equation (25) become 
negative, the error expressed by Equation (25) converges on 
Zero with time. More Specifically, the estimated value con 
Verges on a true value. 

Equation (24) can be illustrated Such as that shown in 
FIG. 14. As shown in FIG. 14, the unmeasurable state 
quantity Xb can be estimated through use of the control input 
“u' and the measurable state quantity Xa=y X2T. 
AS described above, a disturbance observer 32 in the 

Second mode is configured in the form of a minimum 
dimension observer which estimates the total disturbance 
“w” and the unmeasurable internal State quantity; e.g., 
relative Speed, from the control input delivered to the 
Suspension System and the measured quantities of internal 
State X2, y of the Suspension System 10. Even in a case where 
the disturbance observer 32 is formed so as to have the 
foregoing configuration, the thus-estimated total disturbance 
can be represented by Equation (22). Consequently, as in the 
first mode, the diagnosis Section 36 can detect and localize 
a fault as a result of the correlation function being executed 
by the correlation function calculation Section 34. 
More Specifically, an estimated value of the relative Speed 

required for correlation calculation is represented by 
Estimated value of y=S 

Accordingly, it is only required that correlation function 
similar to that performed in the first mode be executed by 
replacing the relative Speed with the estimated value. 

Since the disturbance observer 32 estimates the internal 
State quantity without any Substantial errors even if a fault 
arises in the dynamic System, a correlation function essen 
tially analogous to that used in the first mode can be obtained 
even if the correlation is calculated through use of the 
estimated value in the manner as previously described. After 
acquisition of the correlation function, the disturbance 
observer can localize the fault in a manner analogous to that 
employed in the first mode, and hence its explanation will be 
omitted here. 
AS described above, in the Second mode, the State quantity 

of the dynamic System directly measured through use of a 
Sensor, as well as the internal State quantity of the same 
estimated by the disturbance observer 32 at the same time it 
estimated the total disturbance, can be used for calculation 
of a correlation function in the Second mode. Accordingly, 
even if the entire internal State quantity of the dynamic 
System 10 to be examined is not directly measured, a fault 
can be detected in detail. 
(Third Mode) 

FIG. 9 is a block diagram showing the disturbance 
observer 32 used for the foregoing third mode and the 
diagnostic apparatus 30 employing the observer 32. 

The third mode is different from the second mode in that 
the disturbance observer 32 is configured as a complete 
dimension observer. 
More specifically, the disturbance observer 32 in the third 

mode is configured So as to estimate the overall disturbance 
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and the entire internal State quantity of the dynamic System 
10 from the control input “f” delivered to the suspension 
System and from the directly-measured internal State quan 
tities X2, y of the dynamic system 10. 
The disturbance observer 32 is designed on the basis of 

Equations (4b), (2-2), (21), and the following equation. 

O 1 O O O O O 
r r (5-5) 
y k1 y O 
r -a - Dmb - - O -b. 1 0 1 a 

ill O 

32 0 0 0 1 0 0 0 || | | 0 
d k2 Dn O 1 , |+|' u + 

| V2 m2 m2 in X2 1 
r 1 r 

|| 0 o O O - o O || 2 T 2 O 

r 0 0 O O O O O O 
w 2 

O) () () () () () () 

s 

32 
y () () () () () () () 

G 2 
x2 0 0 1 0 O O O 

f 
2 
2 

where A represents an estimated value, and G represents a 
matrix of real number having Seven rows and two columns. 
Even in this case, a differential equation related to an error 

between an estimated value and a true value used in Equa 
tion (25) is formed, and the matrix of real number G is 
determined in Such a way that all the characteristic value of 
the vector of the foregoing equation become negative. 
Although greater absolute values of the characteristic values 
are more desirable, they are desirably set to about -300 to 
-700 rad/s. 

In this way, an estimated value represented by the fol 
lowing equation can be calculated from the control input “u' 
and the estimated values y, X2. 

estimated value Syxx-fwaw." 
The thus-estimated total disturbance is represented by Equa 
tion (22), and hence the correlation function is calculated in 
a manner analogous to that employed in the first mode. The 
estimated values of the relative displacement and the relative 
Speed are used for calculation of the correlation function. 
After the correlation function has been calculated, a fault is 
localized in a manner analogous to that employed in the first 
mode. 
As described above, a fault can be localized by use of 

Simple calculation in the third mode. In addition, the dis 
turbance observer 32 employed in the third mode is config 
ured in the form of a complete dimension observer, and 
hence the procedures required for its configuration are 
Simpler than those required for the minimum dimension 
observer used in the Second mode. 

Second Embodiment 

A second embodiment of the present invention will now 
be described. 

FIG. 10 shows a specific example of the dynamic system 
10 to be examined in the second embodiment which com 
prises an active Suspension System and wheels. The mem 
bers corresponding to those shown in FIG. 6 are assigned the 
Same reference numerals, and their explanations will be 
omitted here. 
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Such an active Suspension System is usually provided with 
a preSSure Sensor 60a as a member required for active 
control of the Suspension System. The pressure Sensor 60a is 
provided in the control force generator 16 so as to be able to 
measure the active control force “f.” Further, acceleration 
sensors 60b and 60c are provided for detecting an anomaly 
in the air pressure in the tire. Both the acceleration Sensors 
60b and 60c are provided at the upper end and at the lower 
end of the Suspension Spring, respectively, So as to be able 
to detect the acceleration of Vertical vibrations. 

In Such a dynamic System 10, the equation of State 
represented by Equation (16) is specifically expressed in the 
following form. 

O 1 O O O O (26) 
k -1 -1 O X2 0 0 2 0 || | | O 

X2 m2 m2T X2 m2T 
d O O O 1 O O O 

, y | y + it -- W0 
k1 O O t -b k1 

y ill C T y T ill 

f 0 0 o O f 1 O 
T T 

where a=k/m+k-2/m+k-2/m2, b=1/m+1/m2, and T repre 
Sents lag time between the quantity of actuation “u' and the 
active control force “f.” 

FIG. 11 is a block diagram of the dynamic system in 
accordance with the Second embodiment. AS previously 
mentioned, the Suspension System 10 to be examined is 
configured So as to receive the quantity of actuation (u--Au) 
from the controller 12 and to handle the following vector 
contained in Equation (26) as the internal State quantity, 

Of the elements included in the internal State quantity 
vector “X,” Sprung acceleration is directly detected by the 
acceleration sensor 60b shown in FIG. 10, and sprung speed 
is calculated by integration of the Sprung acceleration. 
Relative acceleration is calculated from a difference between 
the unsprung acceleration detected by the acceleration Sen 
Sor 60c and the Sprung acceleration. Further, relative Speed 
is calculated by integration of the relative acceleration. 
ASSume that calculation Sections which perform the forego 
ing calculations are incorporated into the Suspension System 
10 in accordance with the second embodiment at all times. 
Accordingly, the output from the Suspension System 10 
represents the internal State quantity vector included in 
Equation (26), i.e., 

The controller 12 in accordance with the second embodi 
ment receives the thus-output internal State quantity vector 
“X” as an input and calculates and outputs the quantity of 
actuation (u--Au) used as an input signal of the active 
Suspension System 10. 

The diagnostic apparatuS 30 that diagnoses the active 
Suspension System 10 comprises the disturbance observer 
32, the correlation calculation Section 34, and the diagnostic 
Section 36. 

The disturbance observer 32 is formed so as to receive the 
output “u” from the controller 12 and the internal state 
quantity vector “X” output from the active Suspension SyS 
tem 10 and estimates and calculates variations in a Spring 
constant k1 of the tire as internal disturbance occurring in 
the active Suspension System 10. 
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From the internal state quantity vector “X” output from the 

active Suspension System 10, a State quantity detection 
section 60 extracts the state quantity which affects the active 
Suspension System 10 as a result of a variation in the air 
pressure in the tire (i.e., relative speed in this embodiment). 
The correlation calculation Section 34 comprises a croSS 

correlation calculation Section 70, a normalization Section 
72, and an autocorrelation section 74. 
The cross-correlation calculation section 70 calculates 

and outputs a cross-correlation between the total disturbance 
estimated by the disturbance observer 32 and the relative 
Speed. 
The autocorrelation calculation Section 74 calculates the 

autocorrelation function of the relative Speed. 
The normalization Section 72 normalizes the croSS 

correlation function calculated by the cross-correlation cal 
culation section 70 by dividing it by the autocorrelation 
function calculated by the autocorrelation calculation Sec 
tion 74, thereby extracting only the quantity of variation in 
the Spring constant of the tire. The thus-extracted quantity of 
variation is output to the diagnostic Section 36. 

The diagnostic section 36 comprises a memory 76 which 
Stores reference values and an anomaly determination Sec 
tion 78. The diagnostic section 36 is arranged so as to 
determine an anomaly in the air pressure in the tire by 
comprising of the quantity of variation in the Spring constant 
of the tire calculated by the normalization section 72 with 
the reference quantity of variation in the Spring constant 
corresponding to an anomalous air pressure Stored in the 
memory 76. 
The dynamic System in accordance with the Second 

embodiment an the aforementioned construction, and its 
operation will now be described. 

In the dynamic system 10 shown in FIG. 10 that com 
prises an active Suspension System and a wheel, if the air 
preSSure in the tire changes and thus the Spring constant of 
the tire changes, the internal State quantity vector “X” of the 
dynamic system 10 becomes different from that output when 
the air preSSure is normal. This different internal State 
quantity vector “X” can be deemed as a Sum of the internal 
State quantity vector output when the air pressure is normal 
and the internal disturbance corresponding to a change in the 
air pressure. 
The disturbance observer 32 estimates and calculates total 

disturbance-including the internal disturbance and vibra 
tion disturbance-from the internal state quantity vector “X” 
output from the active Suspension System 10 and the quan 
tity of actuation “u.” 

Consequently, assuming that the air pressure in the tire is 
in a normal condition, and that the Spring constant of the tire 
at that time is k1, the disturbance observer 32 calculates and 
outputs the vibration disturbance expressed by the following 
equation. 

The thus-estimated vibration disturbance corresponds to a 
differential value of displacement x0 stemming from white 
control force Afand is random and completely irrelevant to 
the State of the active Suspension System 10. 

Under Such conditions, assuming that the air pressure in 
the tire has changed and the Spring constant of the tire has 
changed by Ak1 to (k1+Ak1) the disturbance observer 32 
outputs total disturbance expressed by the following equa 
tion. 
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Although control outputs x2 and “y” included in the total 
disturbance are irrelevant to the vibration disturbance, these 
outputs take on large values corresponding to the magnitude 
of the vibration disturbance through vibration even when the 
vehicle travels over a road in good condition. 

From Equation (27), it becomes necessary to detect only 
the internal disturbance Stemming from a variation in the air 
preSSure in the tire by eliminating the vibration disturbance 
from the value of the total disturbance estimated by the 
disturbance observer 32. To this end, the correlation calcu 
lation section 70 calculates a cross-correlation between the 
estimated total disturbance and the elements of the internal 
State quantity irrelevant to the vibration disturbance. 
Although Equation (27) includes the relative speed and the 
Sprung Speed as the State of quantity corresponding to the 
internal State quantity, a cross-correlation between the esti 
mated total disturbance and the relative Speed output from 
the active Suspension System 10 is calculated in the Second 
embodiment. Taking the cross-correlation function as 

C(w, y), 
the function is calculated in the manner as expressed by 

r 1 \, . . . . (28) c(6,3) = X(6–5)(3-5) 
k=1 

AS a result of calculation of Such a cross-correlation 
function, Separation of the quantity of variation Ak in the air 
preSSure in the tire and Separation of the item of vibration 
disturbance can be carried out. More specifically, the esti 
mated total disturbance and the relative Speed output from 
the active Suspension System 10 are continually Sampled 
over N times, to thereby obtain a mean value expressed by 
the following equation. 

W 1 \, , . 1 W. i = ). 5- ) 
The cross-correlation function expressed by Equation (28) is 
performed through use of the mean value, to thereby obtain 
the correlation function 

c(w,y). 
AS a result, the item of Sprung Speed and the displacement 
Speed are eliminated, the value of the correlation function is 
obtained as follows: 

Aki 1 - - c(6, 3) sity (3-5) 
k=1 

The thus-calculated correlation function can be expressed by 
the product of an item representing a variation in the Spring 
constant in the tire (Ak1/m1) and an autocorrelation function 
of relative Speed of the active Suspension System used for the 
calculation of the cross-correlation function expressed by 
Equation (29). Accordingly, the quantity of variation in the 
Spring constant can be quantitatively detected by dividing 
the cross-correlation function by the autocorrelation func 
tion of the State quantity (i.e., the relative speed). 
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1 - . . (29) X (3-5) 

AS is evident from Equation (29), the cross-correlation 
function c(W,y) takes on a value corresponding to a fre 
quency component of the internal disturbance, which Stems 
from only the variation in the Spring constant of the tire, 
from among various frequency components of the estimated 
total disturbance. Accordingly, the quantity of variation in 
the Spring constant can be obtained from the croSS 
correlation function 

The foregoing autocorrelation function of the relative 
Speed is calculated by the autocorrelation function calcula 
tion section 74 and is input to the normalization section 72. 
The normalization Section 72 detects the quantity of varia 
tion in the Spring constant of the tire expressed by the 
following equation by dividing the cross-correlation func 
tion c(Wy)output from the cross-correlation function calcu 
lation section 70 by the autocorrelation function c(y, 
y)output from the autocorrelation function calculation sec 
tion 74. 

E c(8. 5) a 
c(, ) 

In this equation, the parameter m1 represents a known value; 
i.e., the mass of the tire, and therefore the quantity of 
variation in the Spring constant Ak1 can be accurately 
calculated from the output J from the normalization section 
72. 
The anomaly determination section 78 determines an 

anomaly in the air pressure by comparison of the thus 
obtained quantity of variation Ak1 of the Spring constant 
with the reference quantity of variation corresponding to an 
anomaly. 

In the prior art, a correlation function-which represents 
the quantity of variation Stemming from a fault similar to the 
foregoing quantity of variation in the Spring constant-is 
calculated from a control value output from the dynamic 
System when there is an input of irregular external distur 
bance. In this case, if the external disturbance becomes 
Smaller, the control output also becomes Smaller. Even if the 
cross-correlation function based on this control output is 
normalized by being divided by the autocorrelation function, 
an error of the output J due to quantization errorS is 
increased, thereby resulting in a reduction in the accuracy of 
fault detection. Further, Since there are variations in the 
Statistical characteristics and magnitude of the external 
disturbance, the accuracy of fault detection cannot be con 
Stantly maintained. 

In contrast, in the present embodiment, an vibration 
disturbance is applied to the active Suspension System 
through vibration by the controller, to thereby set the control 
output value to or greater than a given magnitude, enabling 
highly-accurate fault detection at all times regardless of the 
condition of the road Surface. Further, Since controlling 
means employed in the conventional active Suspension is 
used as means for Vibrating the dynamic System, the need for 
additional vibrating means is eliminated. 

Third Embodiment 

FIG. 12 shows the Suspension system 10 comprising a 
conventional Suspension (not an active Suspension) and 
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wheels. In the suspension system 10, the wheel 41 is 
represented by combination of an unsprung mass Section 
expressed by a parameter m1 and a Spring Section of the tire 
expressed by a Spring constant k1. Reference numeral 42 
designates a vehicle body having a Sprung mass m2; 46 
designates a Spring having a Spring constant k2, 48 desig 
nates a damper having damping constant Dm; 56 designates 
displacement with reference to the road Surface; 52 desig 
nates unsprung displacement expressed by variation X1, 50 
designates sprung displacement represented by variation X2, 
and 54 designates relative displacement (x1-X2) represented 
by variable “y.” Even in this dynamic system 10, as in the 
previous embodiments, the acceleration sensors 60b and 60c 
for detecting vertical vibrations of the wheel are provided in 
the respective Sprung and unsprung Sections. 

In the third embodiment, the braking force exerted on the 
wheel is minutely vibrated by means of the braking force 
control means 190 shown in FIGS. 3 and 4. In practice, as 
shown in FIG. 12, vibrated braking force AF, is applied to 
the mean braking force F, which the wheel receives as 
reaction from the road Surface. The braking force AF, is 
Vibrated by a white Signal or a frequency-shifted Signal, So 
that white vibration disturbance occurs in the vehicle even 
when the vehicle travels over a road in good condition. AS 
a result of the vibration disturbance, the displacement x0 
(=Ay) of the Suspension System constantly changes within a 
certain extent of amplitude, thereby holding the value output 
from the Suspension System 10 at a given value or more. 

Such a Suspension System 10 is represented by the equa 
tion of State in the following way. 

0 1 0 0 to (30) 
X2 k2 Dn X2 

0 0 - - - . O 
d W2 m2 m2 X2 - O 

X 
dt | y, () () () 1 || O 

k I y - O -a -Dmb in 
ill 

where a=k/m+k-2/m+k-2/m2, b=1/m+1/m2. 
FIG. 13 is a block diagram showing the Suspension 

system 10 to be examined shown in FIG. 12. 
Some conventional Suspension Systems are designed So as 

to change the damping force of the Suspension according to 
the condition of the road Surface or the driver's decision. 
Such a Suspension System can be modeled by assuming that 
the damping constant Dm of the damper changes. At this 
time, assume that Dm shown in FIG. 12 represents a 
representative value of the changeable Dm. 
AS in the previous embodiments, the elements contained 

in the internal State quantity vector “X” expressed by Equa 
tion (30) are calculated by the calculation section provided 
in the Suspension System 10, and the result of Such calcu 
lation is output. More Specifically, the Sprung acceleration is 
directly output from the Sensor 60b, and the Sprung Speed is 
calculated by integration of the value of the Sprung accel 
eration. Relative acceleration is calculated from a difference 
between the unsprung acceleration and the Sprung 
acceleration, and relative Speed is calculated by integration 
of the relative acceleration. Accordingly, the output from the 
Suspension System 10 becomes equal to the internal State 
quantity vector “X” expressed by Equation (30). 

The diagnostic apparatuS 30 in accordance with the third 
embodiment which examines the Suspension System 10 
having the foregoing configuration will be described here 
inbelow in detail. 

In a case where the air pressure in the tire is normal, and 
the Spring constant of the tire is k1, the disturbance observer 
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32 estimates and calculates the total disturbance expressed 
by the following equation. 

ADm. 
2-y 

k -ADmby + -ico 
in 

The foregoing equation is based on the assumption that the 
damping constant Dm of the Suspension changes, and the 
quantity of variation with reference to the representative 
value thereof is expressed as ADm. 

If the air pressure in the tire changes, and the Spring 
constant of the tire changes by Ak1 to (k1+Ak1), the 
disturbance observer 32 outputs a Signal expressed by the 
following equation. 

ADm. 
$1 2 y 

* Aki Aki 
- ADmb -- - - - - - - - inty a 2 y 

(6-6) 

in in 

AS can be seen from the above equation, the total distur 
bance estimated by the disturbance observer 32 includes the 
disturbance resulting from the change in the damping 
constant, the internal disturbance Stemming from the change 
in the air pressure in the tire, and the vibration disturbance 
resulting from Vibration of the braking force. 
A cross-correlation function calculation Section 70 calcu 

lates a correlation function between the relative Speed and 
the second element of the estimated total disturbance which 
includes the internal disturbance Stemming from the change 
in the air pressure in the tire. An autocorrelation function 
calculation Section 74 calculates the autocorrelation function 
of the relative Speed by means of a method analogous to that 
previously employed in the preceding embodiments. 
A normalization Section 72 detects the quantity of varia 

tion in the Spring constant by dividing an output from the 
cross-correlation function calculation Section 70 by an out 
put from the autocorrelation function calculation Section 74, 
and the thus-detected quantity of variation is output to an 
anomaly determination section 78. 

Accordingly, the anomaly determination Section 78 deter 
mines an anomaly in the air pressure by comparison of the 
thus-received quantity of variation in the Spring constant 
with a predetermined reference value. 
AS described above, in the third embodiment, even in the 

case of the wheel attached to the conventional non- active 
Suspension, an anomaly in the air pressure in the tire can be 
detected only by provision of the acceleration sensors 60b, 
60c for sensing the vertical acceleration of each of the 
Sprung and unsprung Sections of the Suspension System. 
Even in the third embodiment, a fault can be highly 

accurately detected at all times regardless of the condition of 
the road Surface by application of Vibration disturbance to 
the Suspension System through Vibration of the braking force 
until the control output value is Set to a given value or more. 
The third embodiment has an advantage that it can be 
applied to a vehicle having a non-active Suspension System. 
Further, a conventional ABS actuator used for anti-lock 
braking (ABS) operation purposes can be also used as the 
means for vibrating the braking force (see FIGS. 20 to 21 
related to a fourth embodiment). 
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Fourth Embodiment 

A fourth embodiment of the present invention will now be 
described. 
(Principle of the Fourth Embodiment) 
As shown in FIG. 15, the phenomenon of vibration 

occurring in a wheel when a vehicle equipped with a body 
212 having a weight W is traveling at speed “v'; i.e., the 
phenomenon of Vibration occurring in a wheel resonance 
System comprising the body, the wheel, and the road Surface, 
will now be examined in reference to a model shown in FIG. 
16 in which the phenomenon of vibration is equivalently 
modeled with reference to the rotary shaft of the wheel. 
The braking force acts on the road Surface via the Surface 

of a tire tread 215 of the tire which is in contact with the road 
Surface. In practice, the braking force acts on a body 212 as 
reaction from the road Surface. Therefore, a model 217 
which is equivalent to the vehicle weight converted with 
reference to the rotary shaft of the wheel-is attached 
opposite to a wheel 213 via a frictional element 216 existing 
between the tire tread and the road Surface. AS in the case of 
a chassis dynamometer, the modeling of vehicle weight is 
similar to the simulation of vehicle weight by utilization of 
great inertia existing below the wheel; i.e., mass provided 
opposite to the wheel. 

In FIGS. 15 and 16, it is assumed that the inertia of the 
wheel 213 including a tire rim is Jw; the Spring constant of 
a Spring element 214 provided between the tire rim and the 
tread 215 is K, the inertia of the tread 215 is Jt; the 
coefficient of friction of the frictional element 216 provided 
between the tread 215 and the road surface is u; and the 
inertia of the model 217 which is equivalent to the weight 
of the body 212 converted with reference to the rotary shaft 
of the wheel-is JV. The characteristics of the entire sus 
pension System are expressed by the following Equations 
(2a) to (4a). In the following equations, the first differential 
d/dt with time is expressed by symbol “”, and the second 
differential d’/dt with time is expressed by symbol “". 

where 0, represents a rotational angle of the wheel 213, 0,.." 
represents the rotational angular acceleration of the wheel 
213, W, represents the rotational angular Velocity of the 
wheel 213, or the wheel speed; 0, represents the rotational 
angle of the tread 215; 0," represents the rotational angular 
acceleration of the tread 215; co, represents the rotational 
angular velocity of the vehicle-body equivalent model 217; 
T represents the braking torque applied to the wheel 213; W 
represents the weight of the vehicle body; and R represents 
the radius of the wheel. In effect, the braking torque T is 
applied by control of pressure P, in a brake valve. 
Assuming that the tread 215 is directly connected to the 

equivalent model 217 when the tire grips the road Surface, 
resonance occurs between the inertia of the wheel 213 and 
the inertia of the sum of the inertia of the equivalent model 
217 and the inertia of the tread 215, and the resonance 
frequency f of the wheel resonance System at this time is 
given by 
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From Equation (8a), it is understood that the resonance 

frequency f. changes in proportion to a Square root of the 
Spring constant Kwhich is a physical quantity relevant to the 
air pressure in the tire. Under normal conditions, the change 
in each moment of inertia can be ignored. For this reason, 
the change in the Spring constant K, i.e., the change in the 
air pressure in the tire, can be detected from the change in 
the resonance frequency f on condition that the tire grips the 
road Surface. 

FIG. 19 shows the vibration characteristics of the 
dynamic System Such as the foregoing wheel vibration 
system. FIG. 19 shows the frequency characteristics of a 
gain of oscillatory component output from the dynamic 
System through Vibration of the dynamic System by use of a 
white signal (i.e., a ratio of an amplitude of the output signal 
from the dynamic System to an amplitude of the vibration 
signal). In FIG. 19, the vibration characteristics of the 
dynamic System in a normal condition is designated by a 
Solid line, and the vibration characteristics of the dynamic 
System in an anomalous condition is designated by a broken 
line. Further, the gain output from the wheel resonance 
System corresponds to a ratio of the amplitude of the 
oscillatory component of the wheel Speed to the amplitude 
of vibration. 
As shown in FIG. 19, it is understood that resonance 

frequencies f", f' are shifted toward a lower frequency 
range compared with resonance frequencies f, f. f" and f' 
are resonance frequencies at which the gain becomes largest 
when the dynamic System is faulty, and f and f are those 
at which the gain becomes largest when the dynamic System 
is normal. This phenomenon corresponds to the shift of the 
resonance frequency f of the wheel resonance System 
toward a lower frequency range. It is also understood that a 
non-resonance frequency f"—at which the gain becomes 
Smallest when the dynamic System is faulty-is also shifted 
toward a lower frequency range compared with a non 
resonance frequency f. at which the gain becomes Smallest 
when the dynamic System is normal. Depending on the 
characteristics of the dynamic System or the oscillatory 
component of interest, the frequencies-at which the gain 
becomes largest and Smallest, respectively, when the 
dynamic System is faulty-may shift toward a higher fre 
quency range compared with the frequencies at which the 
gain becomes largest and Smallest, respectively, when the 
dynamic System is normal. 
AS described above, the vibration characteristics calcu 

lated from the output from the vibrated dynamic system 
differ according to whether the dynamic System is in a 
normal or anomalous condition. The dynamic System can be 
diagnosed by detecting the difference between the vibration 
characteristics. The dynamic System can be diagnosed by 
detection of the change in the resonance frequency, as well 
as by detection of a change in the functional relationship 
between the frequency and the gain (e.g., the number of 
maximum and minimum gains). 

Further, the fault can be localized on the basis of the 
functional relationship between the frequency and the gain. 
For example, a variation pattern differs according to whether 
the change is a change in the functional relationship Stem 
ming from a variation in the air pressure in the tire or a 
change due to another fault other than the change in the air 
preSSure in the tire. The fault of the dynamic System can be 
localized by utilization of the variation pattern. 
(Configuration and Operation of the Fourth Embodiment) 

FIG. 17 is a block diagram showing the configuration of 
a dynamic System in accordance with a fourth embodiment 
of the present invention. The dynamic system shown in FIG. 
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17 is designed So as to impart micro vibration to the dynamic 
System comprising a wheel and a Suspension System through 
braking force. 
AS shown in FIG. 17, the diagnostic apparatus in accor 

dance with the fourth embodiment is provided with braking 
force control means 402 which applies a braking force 
(P+P) to the wheel of a dynamic system 400. Reference 
Symbol P. designates a mean braking force applied to the 
wheel, which corresponds to the master cylinder pressure 
resulting from application of the driver's leg power to the 
brake pedal. P. represents the oscillatory component of the 
braking force Vibrated in the vicinity of the mean braking 
force or the braking force vibrated by a white Signal Such as 
a M-Series signal or a frequency-shifted Signal. 
The rotational speed (), (i.e., wheel speed) of the wheel 

output from a wheel speed sensor (not shown) attached to 
the wheel of the dynamic system 400 is output to braking 
force control means 402. As will be described later, on the 
basis of the wheel deceleration Speed calculated from the 
wheel speed co, the braking force control means 402 
determines whether or not to apply a micro vibration com 
ponent P to the braking force exerted on the wheel. 

The diagnostic apparatus has an FFT calculation Section 
404 which calculates a frequency spectrum of the wheel 
speed by fast Fourier transformation (FFT) of time-series 
data regarding the wheel Speed () received at a given cycle; 
a vibration characteristics detection section 406 for detecting 
the vibration characteristics of the dynamic system 400 on 
the basis of the thus-calculated frequency Spectrum of the 
wheel Speed: and a diagnostic Section 408 for diagnosing the 
dynamic system 400 on the basis of the detected vibration 
characteristics. 

Internal memory of the diagnostic section 408 stores 
Vibration characteristic data concerning the dynamic System 
400 when it is in a normal condition and a plurality of sets 
of data concerning anomalous vibration-characteristic pat 
terns (i.e., anomalous vibration characteristic patterns). The 
diagnostic Section 408 diagnoses a fault in the dynamic 
system 400 (i.e., the air pressure in the tire) by determining 
a difference between the detected vibration characteristics 
and the vibration characteristics obtained when the dynamic 
System is in a normal condition. 

The anomalous vibration characteristic pattern can be 
represented by a frequency value including the maximum 
and minimum values improbable as the vibration character 
istics of the dynamic system 400 in a normal condition, by 
data concerning the number of these maximum and mini 
mum values, or by data concerning the functional charac 
teristics of the frequency value. The location and type of a 
fault in the dynamic System are specified for each of 
anomalous vibration characteristic patterns. When there is 
an anomaly in the detected vibration characteristics, the 
diagnostic section 408 checks the detected vibration char 
acteristics against the anomalous vibration characteristic 
patterns. The location and type of a fault corresponding to 
the anomalous vibration characteristic pattern most analo 
gous to the detected vibration characteristics are specified, 
thereby diagnosing the fault in the dynamic System. 

Next, the configuration of the braking force control means 
402 will be described in reference to FIGS. 20 to 21. 

The braking force control means 402 includes a brake 
valve driver which converts the instruction signal “u' con 
cerning the mean braking power P, and an vibration instruc 
tion Signal Au concerning the minutely vibrated braking 
force Pinto braking torque actually applied to the wheel. AS 
shown in FIG. 20, the brake valve driver comprises a booster 
235, a valve control system 236, a brake caliper 237, a 
reservoir tank 238, and an oil pump 239. 
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A brake pedal 234 is connected to a pressure increase 

valve 240 of the valve control system 236 via the booster 
235 which increases the force used for actuating the brake 
pedal 234. The valve control system 236 receives a valve 
actuation instruction signal and is connected to the brake 
caliper 237. Further, the valve control system 236 is con 
nected to the reservoir tank 238 via a pressure decrease valve 
241. 
The valve actuation instruction signal is produced by a 

circuit shown in FIG. 21. This circuit receives the instruction 
Signal “u' concerning the mean braking power P, and the 
Vibration instruction signal Au concerning the minutely 
vibrated braking force P. As shown in FIG. 21, the mean 
braking force P is vibrated by means of a white signal. 
The principle of operation of the dynamic System will 

now be described. First, an calculation section 218A calcu 
lates a Sum ul of the instruction Signal “u' concerning the 
mean braking power P and the vibration instruction Signal 
Au concerning the minutely vibrated braking force P. A 
calculation Section 220A calculates a difference u between 
the instruction Signal “u' concerning the mean braking 
power P and the vibration instruction signal Au concerning 
the minutely vibrated braking force P. The sum u corre 
sponds to the upper limit of the braking force instruction, 
whereas the Sum u corresponds to the lower limit of the 
braking force instruction. A calculation Section 218B calcu 
lates a difference e between the upper limit of the braking 
force instruction u and actual braking pressure P, and a 
calculation Section 220B calculates a difference ea between 
the lower limit of the braking force instruction u and the 
actual braking preSSure P. Instruction signal generation 
sections 242, 243 calculate the positions of the valves from 
the differences e, e, respectively, and produce instruction 
Signals. The braking pressure is vibrated by Switching the 
instruction signals at an vibration frequency corresponding 
to a white Signal. Only an instruction Signal for increasing 
the pressure of the valve and maintaining the thus-increased 
preSSure is produced with respect to the Sumu. Similarly, 
only an instruction Signal for decreasing the pressure of the 
Valve and maintaining the thus-decreased preSSure is pro 
duced with respect to the difference u. AS a result, excessive 
Switching of the instructions for controlling the braking 
preSSure can be prevented. 
The operation of the dynamic System in accordance with 

the fourth embodiment will be described in reference to a 
flowchart shown in FIG. 18. 
As shown in FIG. 18, first, it is determined whether or not 

the wheel deceleration calculated from the wheel Speed (), 
is Smaller than a negative value -a used as the reference 
value (step 300) If the wheel deceleration is smaller than the 
negative value -a (YES in step 300), it is determined that the 
wheel may fail to grip the road Surface. The next diagnosing 
Step is not performed, and the processing is in a wait 
condition. If the wheel fails to grip the road Surface, the tread 
215 shown in FIG. 15 is separated from the equivalent 
model 217 in an equivalent manner. As a result, resonance 
arises between the tread 215 and the wheel 213, and the 
resonance frequency of the wheel resonance System shifts 
toward a higher frequency range regardless of the existence 
of a variation in the air pressure in the tire. 

In contrast, if the wheel deceleration is larger than the 
negative value -a (NO in step 300), the braking force control 
means 402 commences micro vibration of the braking force 
(step 302). Next, the FFT calculation section 404 performs 
fast Fourier transformation for the time-series data which are 
Sampled at predetermined intervals and relate to the wheel 
Speed (), including an vibration component, thereby out 
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putting the thus-calculated frequency time-Series data (Step 
303). The vibration characteristic detection section 406 
extracts a maximum-gain frequency from the frequency 
time-series data output from the FFT calculation section 
404, to thereby detect the resonance frequency f (step 304). 
FIG.22 illustrates the flow of processing performed in steps 
303 and 304. 
As shown in FIG. 18, if the vibration characteristics are 

detected, the diagnostic section 408 reads out from the 
memory the Vibration characteristic data when the air pres 
sure in the tire is in a normal condition (step 306). The 
Vibration characteristic data in a normal condition include 
the resonance frequency f. expressed by Equation (8a). 

Next, the diagnostic section 408 compares the detected 
Vibration characteristics of the dynamic System with the 
Vibration characteristics of the dynamic System in a normal 
condition, to thereby detect the change Alf in the vibration 
characteristics (step 308). For example, the change Af is 
calculated as the quantity of shift (=f-f) in the resonance 
frequency. 

Next, it is determined whether or not the thus-calculated 
change Af is in excess of a reference value Th (>0) (Step 
310). If the change Afis determined to exceed the reference 
value Th (YES in step 310), it is determined that there is an 
anomaly in the air pressure in the tire of the dynamic System 
400. In steps 310 and 312, the location and type of the fault 
may be estimated by comparing the detected vibration 
characteristics with the data concerning the anomalous 
Vibration characteristic patterns Stored in the internal 
memory of the diagnostic section 408 to thereby determine 
which of the anomalous vibration characteristic patterns 
corresponds to the detected vibration characteristics. 
Further, the degree of the fault can also be estimated on the 
basis of the degree of similarity between the thus-detected 
Vibration characteristic pattern and the anomalous vibration 
characteristic patterns. 

In contrast, if the change Af is determined not to be in 
excess of the reference value Th (NO in step 310), the air 
pressure in the tire is determined to be normal (step 314). 
However, in the case of Af<0 which is improbable to obtain 
from Equation (8a), it is determined that there arises a fault 
Stemming from a reason other than the variation in the air 
preSSure in the tire. In this case, the location and type of the 
fault may be specified by checking the detected vibration 
characteristic pattern against the anomalous vibration char 
acteristic patterns. 
AS described above, in accordance with the fourth 

embodiment, a fault in the dynamic System is diagnosed on 
the basis of the vibration characteristics which faithfully 
reflect a fault in the dynamic System (i.e., a change in the 
resonance frequency), thereby resulting in an advantage of 
ability to correctly diagnose a fault through use of a simple 
method. 

Fifth Embodiment 

FIG. 23A shows an ABS actuator comprising one 
3-position valve, and FIG. 23B shows an ABS actuator 
comprising two 2-position valves. As shown in FIGS. 23A 
and 23B, the ABS actuator comprises a pressure increase 
Valve connected to a master cylinder and a pressure decrease 
Valve connected to a reservoir tank. These valves are opened 
or closed in accordance with electrical instruction signals 
from a control section (not shown). With the pressure 
increase valve being open and the preSSure decrease valve 
being closed, the wheel cylinder pressure is increased to the 
master cylinder pressure in proportion to the preSSure result 
ing from the driver's depression of the pedal. Conversely, 
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with the pressure increase valve being closed and the 
preSSure decrease valve being opened, the wheel cylinder 
preSSure is reduced to the pressure in the reservoir which is 
Substantially the same as the atmospheric preSSure. With 
both valves closed, the wheel cylinder pressure is main 
tained. 

Provided that the wheel cylinder pressure is P; the master 
cylinder pressure is P, and the reservoir pressure is P, the 
quantity of brake fluid Q, flowing into the wheel cylinder at 
the time of an increase in the pressure and the quantity of 
brake fluid Qr flowing out of the wheel cylinder at the time 
of reduction in the pressure are each expressed by 

2 
Q = Ai - (pg - ph) 

O 

2 
Q = A2 -(ph - pt). 

O 

The quantities of brake fluid Q, and Q are proportional to 
a Square root of a pressure difference. In the mode in which 
the pressure is held, the quantities of brake fluid Q, flowing 
into or out of the wheel cylinder is represented by 

(31) 

(32) 

Q=0 (33). 

In Equations (31) to (33), A and A represent constants; and 
“p” is a density of the brake fluid. When it is assumed that 
a variation in the density "p' is Small, that is, “p' is and 
constant, a variation in the hydraulic pressure in the brake 
with time (dP/dt) becomes proportional to the quantity of 
fluid O. Therefore, there are obtained 

P 
a VP - P, ... (Pressure Increase: Pi, < P.) (34) 

P 
-a, VP, - P, ... (Pressure Decrease: P, is P.) (35) 

P 
= 0 ... (Pressure Hold) (36) 

AS a result of use of the foregoing mathematical model, a 
waveform Pb concerning the hydraulic braking pressure of 
the wheel cylinder becomes similar to that shown in FIGS. 
25A to 25C when the instruction signals output to the valve 
are Switched at a given cycle between the pressure increase/ 
hold mode and the pressure decrease/hold mode. In FIGS. 
25A to 25C, the pressure increase time is t, and the pressure 
decrease time is t. 
As shown in FIGS. 25B and 25C, it is understood that the 

mean value of the hydraulic braking pressure (i.e., mean 
braking pressure) can be controlled by means of a ratio of 
the pressure increase time t to the pressure decrease time t, 
and that the amplitude of the micro vibration (or the micro 
amplitude of braking pressure) can be controlled according 
to the period of each of the preSSure increase time t, and the 
preSSure decrease time t. 
At this time, if the master cylinder pressure is constant, 

the mean braking pressure P, and the micro amplitude P, of 
the braking pressure are determined uniquely with respect to 
the pressure increase and decrease time t, and t. More 
Specifically, the mean braking preSSure P, and the micro 
amplitude P of the braking pressure can be represented as 
functions of the preSSure increase and decrease time t and t. 
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P = (Mean value of P., (ii, t)) (37) 
= Pr(ii, tr.) 

P = (Minute amplitude of P., (ii, t)) (38) 5 

FIGS. 26A and 26B show variations in the mean braking 
preSSure and the micro amplitude of the braking pressure 
when the pressure increase and decrease time of the valve is 
changed in a case where the master cylinder pressure is 
constant at 15.5 (MPa). The graphs shown in FIGS. 26A and 
26B are obtained by Simulation of the mean braking preSSure 
when the pressure increase and decrease time of the valve is 
Switched at a cycle of 24 ms while the master cylinder 
pressure is maintained at a pressure of 15.5 MPa. 

FIGS. 27A and 27B show variations in the mean braking 
preSSure and the micro amplitude of the braking pressure 
when the master cylinder pressure is changed. FIGS. 27A 
and 27B show the case where the pressure increase time is 
constantly held at 6 ms while the preSSure decrease time is 
sequentially changed from 1, 2, and 3 ms. From FIGS. 27A 
and 27B, it is seen that the next two things hold with respect 
to the identical pressure increase and decrease time. 

(1) The mean braking pressure is proportional to the 
master cylinder pressure. 

(2) The micro amplitude of the braking pressure is pro 
portional to the Square root of the master cylinder pressure. 
From FIGS. 26A to 27B, it is understood that so long as 

the master cylinder preSSure is determined, and the pressure 
increase and decrease time of the valve is apparent, the mean 
braking pressure and the micro amplitude of the braking 
preSSure can be uniquely determined. 

Next, in reference to FIG. 28, an explanation will be given 
of the fact that the micro amplitude of the braking pressure 
and the master cylinder pressure can be estimated from the 
mean braking preSSure calculated from the change in wheel 
Speed and the pressure increase and decrease time periods in 
a reverse manner. FIG. 28 is a block diagram showing the 
flow of estimation. 
As shown in FIG. 28, the mean braking pressure P is 

estimated on the basis of the wheel Speed (), and a reso 
nance gain G, which will be described later, in block A. 
Subsequently, in a first Step in block B, the master cylinder 
pressure P is estimated on the basis of the pressure increase 
time t, the pressure decrease time t, and the mean braking 
preSSure P, estimated in the block A. In a Second Step in the 
block B, the micro amplitude P, of the braking pressure is 
estimated on the basis of the pressure increase time t, the 
pressure decrease time t, and the master cylinder pressure 
P estimated in the first Step. 
The principle of the estimating operation performed in 

each of the blocks shown in FIG. 28 will now be described 
in detail. 
(Principle of Estimating the Mean Braking Pressure in Block 
A) 
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employed. Given that Vehicle body Speed is (), wheel Speed 
is co, and slip Speed is Act), the vehicle body speed is 
expressed as 

(a)=()+AG) (39). 

Assume that the first differential of the vehicle body speed 
(), with time is proportional to the braking torque T, existing 
between the tire and the road Surface, the braking torque is 
expressed as 

d (or 
T = -k - cit 

(40) t -- - 
cit 

ASSume that T in the Second term on the right Side of 
Equation (40) is taken as a parameter, the braking torque T, 
can be transformed into 

(41) 
-- 

d'Aco di Ti, T. = -(T + ...) a T, dr 

dow 1 di Ti, 
-- - . 

dT, cit 
d'Aco 

In Equation (41), the denominator (dT/dA(O) of the coeffi 
cient (dT/dt) in Equation (41) represents the gradient of the 
braking torque T, with respect to the slip speed Act). 
The phenomenon of vibrations in the wheel when the 

vehicle equipped with a body having weight W is traveling 
at Speed (), i.e., the phenomenon of Vibrations in a vibration 
System comprising the vehicle body, the wheel, and the road 
Surface, will be considered in reference to the model shown 
in FIG. 16 in which the phenomenon of vibration is equiva 
lently modeled with reference to the rotary shaft of the 
wheel, as in the previous embodiment. 

The braking force acts on the road Surface via the Surface 
of a tire tread 215 of the tire which is in contact with the road 
Surface. In practice, the braking force acts on a vehicle body 
as reaction from the road Surface. Therefore, the model 
217 which is equivalent to the vehicle weight converted 
with reference to the rotary shaft of the wheel- is attached 
opposite to the wheel 213 via the frictional element 216 
(road Surface u) existing between the tire tread and the road 
Surface. AS in the case of a chassis dynamometer, the 
modeling of vehicle weight is similar to the Simulation of 
vehicle weight by utilization of great inertia existing below 
the wheel; i.e., mass provided opposite to the wheel. 

In FIG.16, the inertia of the wheel213 including a tire rim 
is Jw; the Spring constant of a Spring element 214 provided 
between the tire rim and the tread 215 is K, the radius of the 
wheel is R; the inertia of the tread 215 is J.; the coefficient 
of friction of the frictional element 216 between the tread 
215 and the road surface is u; and the inertia of the 
equivalent model 217 is J. Transmission characteristics 
between a torque T. and the wheel speed co, caused by the 
wheel cylinder pressure are defined as 

(42) 

First, in order to explain the principle of estimating the 
mean braking pressure P from the wheel speed (), in the 65 
block A, a mathematical model of the vibration System 
comprising a wheel, a vehicle body, and the road Surface is 

Further, as shown in FIG. 29, a functional relationship 
in which the coefficient of friction u reaches its peak value 
at a certain slip rate-holds between the slip Speed Act) and 
the coefficient of friction u of the road surface. In the 
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functional relationship shown in FIG. 29, if the coefficient of 
friction u changes with respect to the Slip Speed Act) as a 
result of micro vibrations in the vicinity of a certain slip rate, 
the coefficient of friction u of the road surface can be 
approximated to 

pitto-CRAG) (43). 

More specifically, Since the change in the slip Speed Stem 
ming from micro Vibration is Small, the coefficient of friction 
can be approximated to a line with gradient C.R. 

If Equation (43) is substituted into the relationship of 
braking torque T=uW caused by the coefficient of friction 
tl between the tire and the road Surface, we have 

TuW=uw--CRAGOW (44). 

Both sides of Equation (44) are differentiated one time with 
Act), we have 

(45) 

With regard to the transmission characteristics expressed 
by Equation (42), the resonance frequency (Doo obtained 
when the tire grips the road Surface is expressed as 

J - J - ''. K. 
W. J. (J, + Jy) 

As the state of friction between the tire and the road 
Surface approaches the peak value u, the tire becomes more 
apt to Separate from the road Surface and the resonance 
frequency shifts toward the higher frequency range. In other 
words, the state of friction can be detected by detection of 
the resonance frequency. 
The vibration component (((), (P)S=jcoo) at the reso 

nance frequency (DOO of the ratio (CD/P) of the wheel speed 
() to the braking pressure P, is taken as the resonance gain 
G. The following description is based on the assumption 
that the ABS actuator applies micro vibration at the reso 
nance frequency (DOO in the vicinity the mean braking 
preSSure. 

Since the torque T. caused by the wheel cylinder pressure 
is in proportion to the braking pressure P, the resonance 
gain G is proportional to the vibration component at the 
resonance frequency (DOO of the (co/T), and the resonance 
gain G is expressed by the following equations. 

(46) 

G = x : (47) 
P, s=ju T. s=ju 

il, (JBJ, - J.J.)K Vladel, K+ a J.J. KRW 
JAJ.J. K2 

= ia + a B(i represents imaginary unit) 

where Ja=J+J+J, J=J+J. (48) 

A J. (Jed, - J.J.)Kvaled K JJKRW (49) 
JAJJK2 JAJ.J. K2 

In general, there is obtained the following relationship 

A=0.012<<B=0.1 (50) 
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SO 
and hence the following expression is derived from Equa 
tions (45) and (47). 

di Ti, 
d'Aco 

(51) 

More Specifically, the gradient of the braking torque T, with 
respect to the Slip Speed Act) is in proportion to the resonance 
gain Gr. 

Therefore, Equation can be converted as follows: 

T, = (52) -- 
d (or - (T) cit Gd (it 

where h is a proportional coefficient. Consequently, by 
Simplification of Equation (52), the transmission function is 
expressed as 

kS 
- - C (53) 

1 + h f Gds 

where “s' represents an operator for Laplace transformation 
purposes. The torque T." caused by the wheel cylinder 
preSSure is the Sum of the braking torque T, and the torque 
caused by the inertia of wheel J and is represented by 

d (o 
T = T, -J., (54) b. F ib cit 

hence the transmission function is expressed as 

kS 

T = (-io, ls). (55) 1 + h f Gds 

ASSuming that the mean value of T." on the left Side of 
Equation (55) is proportional to the mean value P, of the 
wheel cylinder pressure P, the mean value P, is expressed 
S 

kS 

- frrica, (56) 1 + (LPF's 1 + hf Gds P = -- J.). 

given that K is a proportional coefficient, where t| PF is 
a time constant of a low pass filter (i.e., a time constant used 
for calculation of the mean value). 
(Principle of Estimating the Master Cylinder Pressure and 
the Minute Amplitude of the Braking Pressure in Block B) 
AS has already been mentioned, if the pressure increase 

time t, and the pressure decrease time t, instructed to the 
Valve when the master cylinder pressure Pd is constant, the 
mean braking pressure P, and the micro amplitude P, of the 
braking pressure are uniquely determined by Equations (37) 
and (38). Further, provided that the pressure increase and 
decrease time periods are constant with respect to the change 
in the master cylinder pressure P, the mean braking pres 
Sure P is proportional to the master cylinder pressure P. 
(see FIG. 27A), and the micro amplitude P, changes in 
proportion to the Square root of the master cylinder preSSure 
Pd (FIG. 27B). 

Accordingly, the master cylinder pressure P can be 
calculated from the pressure increase time t, the preSSure 
decrease time t, and the mean braking pressure P, given by 
Equation (56). Further, the micro amplitude P, of the brak 
ing pressure can be calculated from the relationship between 
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the thus-calculated master cylinder pressure P and the 
pressure increase and decrease time t, t, (see FIG. 27B). 

For example, assume that there is prepared a two 
dimensional table Po (t, t) for the pressure increase and 
decrease time periods required for the mean braking pres 
Sure with respect to the master cylinder pressure Po. If it is 
found from Equation (56) that the actual mean braking 
pressure is P, the master cylinder pressure P can be 
calculated as follows by comparison of Po(t, t) with P. 
from the pressure increase and decrease time t, t, at that 
time. 

P 
P = Pio 

Pro(ti, tr.) 
(57) 

Further, the micro amplitude P, at this time can be calculated 
as follows by use of the two-dimensional table P(t, t) with 
respect to the master cylinder preSSure Po. 

P (58) 
- Po(ti, i.) P = 

Pio 

AS previously mentioned, the foregoing calculations are 
based on the fact that the mean braking pressure is propor 
tional to the master cylinder pressure when the pressure 
increase time period and the pressure decrease time periods 
are the same, and the micro amplitude of the braking 
preSSure is proportional to the Square root of the master 
cylinder pressure. 

The foregoing method enables estimation of the master 
cylinder pressure and of the micro amplitude of the braking 
pressure. However, two two-dimensional tables must be 
prepared. In order to Simplify the processing, the pressure 
increase and decrease time are limited in Such a way that the 
micro amplitude of the braking preSSure becomes constant 
with respect to a given master cylinder pressure. 

FIGS. 30A and 30B show the results of calculation of 
preSSure increase and decrease time periods-at which the 
micro amplitude of the braking preSSure becomes constant at 
0.3 MPa when the master cylinder pressure is maintained at 
15.5 MPa with respect to each of the mean braking pres 
Sures. From the relationship shown in FIGS. 30A and 30B, 
the mean braking pressure referred to obtain the pressure 
increase and decrease time periods-at which both the 
master cylinder pressure and the micro amplitude of the 
braking pressure become constant-is taken as a mean 
braking pressure reference value P. 

With reference to FIGS. 30A and 30B, if the valve is 
actuated at the pressure increase and decrease time corre 
sponding to the mean braking pressure reference value P, 
the master cylinder pressure P and the micro amplitude P. 
of the braking pressure can be obtained as shown below with 
respect to the mean braking pressure P, estimated at this 
time. 

P P = PP (59) 
d = f' do 

P (60) 
P = I - Po 

Pio 

Since the Po and Po in Equations (59) and (60) are constant 
(Po-15.5 MPa and Po-0.3 Mpa), the two two-dimensional 
tables can be omitted, thereby simplifying the brake pressure 
estimation apparatus. 
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52 
(Anti-Lock Brake Controller Using the Brake Pressure 

Estimation Apparatus) 
AS has already been shown by Equation (51), the gradient 

(dT/dACo) of the braking torque T, with respect to the slip 
rate Act) is proportional to the resonance gain G that is the 
ratio of the micro amplitude () of the wheel Speed to the 
micro amplitude P, of the braking pressure. As shown in 
FIG. 31, assume that the gradient (dT/dACo) becomes zero. 
In this state, the braking torque T becomes maximum, and 
if an attempt is made to apply additional braking force, the 
wheels are known to become locked, thereby resulting in 
abrupt loss of the braking force. 
An ABS system in accordance with the fifth embodiment 

of the present invention performs controlling operation So as 
to stop the vehicle without tire lock while the braking force 
in the vicinity of the peak braking force is maintained. From 
the magnitude of the resonance gain, it is possible to 
determine whether or not the braking force has approached 
the vicinity of its peak value. 
More specifically, the resonance gain is calculated from 

the micro amplitude of braking pressure and the micro 
amplitude of the wheel speed, both of which are obtained by 
use of the foregoing braking preSSure estimation apparatus. 
If the resonance gain G is greater than a certain reference 
value G, the braking pressure is not reduced. In contrast, if 
the resonance gain G, reduces to a value Smaller than the 
reference value G, the braking force is deemed to approach 
its peak value, and hence the braking pressure is reduced. AS 
a result, the braking torque T, can be maintained at the 
maximum braking torque corresponding to the peak u, 
thereby enabling highly-accurate anti-lock brake controlling 
operation regardless of the condition of the road Surface. 
A breaking preSSure estimation apparatus in accordance 

with the fifth embodiment of the present invention estimates 
the micro amplitude of the braking pressure used for esti 
mation of the resonance gain without use of a preSSure 
Sensor, thereby enabling a reduction in the cost of the entire 
ABS system. 

Next, a description will be given of a braking pressure 
estimation apparatus and an antilock brake controller 
according to the fifth embodiment of the present invention. 
(Example of Configuration of a Braking Pressure Estima 

tion Apparatus) 
FIG. 32 shows the configuration of an anti-lock brake 

controller which employs a braking pressure estimation 
apparatus 130 in accordance with the fifth embodiment. 
AS shown in FIG. 32, the braking preSSure estimation 

apparatus 130 (designated by a broken line) comprises a 
mean braking pressure estimation Section 132 which 
receives the wheel Speed (), and the resonance gain G and 
estimates the mean braking preSSure P, a master cylinder 
preSSure estimation Section 134 which estimates the master 
cylinder pressure P from the mean braking preSSure P, and 
the mean braking pressure reference value P, and a 
braking pressure micro amplitude estimation Section 136 for 
estimating the micro amplitude P of the braking pressure 
from the master cylinder preSSure P. 
The wheel Speed () is obtained by processing a signal 

received from an unillustrated wheel Speed Sensor mounted 
on each wheel of a vehicle 150. For example, the detection 
Signal from the wheel Speed Sensor is converted into a digital 
Signal by an analog-to-digital converter, and the Signal can 
be processed in a computer. Alternatively, a wheel Speed can 
be detected through use of an analog signal processing 
circuit or digital counter circuit provided outside the Sensors. 
A mean braking pressure estimation Section 132 can be 

implemented in the form of a high-order filter which calcu 
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lates and outputs the mean braking pressure P, according to 
Equation (56). Alternatively, the mean braking estimation 
Section can also be implemented by processing a digital 
Signal-which is obtained by conversion of the detection 
Signal from the wheel Speed Sensor through use of an 
analog-to-digital converter-within a computer according to 
Equation (56). FIG. 33 shows an example of configuration 
of the mean braking pressure estimation Section 132. 
AS shown in FIG. 33, the mean braking pressure estima 

tion section 132 comprises a deviation calculator 160 for 
calculating a difference (or deviation) between the input 
wheel Speed (), and another input signal; a multiplier 164 
connected to an output terminal of the deviation calculator 
160; and a k-fold amplifier 168 connected to an output 
terminal of the multiplier 164. A 1/h-fold amplifier 162 
which reduces the input resonance gain Gd by a factor of “h” 
is connected to an input terminal of the multiplier 164, and 
another output terminal of the multiplier 164 is connected to 
another input terminal of the deviation calculator 160 via a 
Laplace transformer 166. 
An output terminal of the amplifier 168 is connected to a 

subtracter 172 via a filter 170 which calculates (K/1+tLPFs). 
Another input terminal of the subtracter 172 is connected to 
a filter 174 which receives the wheel speed (), and calcu 
lates and outputs (JK/1+tLPFs). The subtracter 172 adds 
together outputs from the filters 172 and 174 after having 
inverting the Signs of the outputs and outputs the result of 
Such addition as the mean braking pressure P. 

The master cylinder preSSure estimation Section 134 
shown in FIG. 32 can be realized in the form of a circuit 
which performs multiplication and division represented by 
Equation (59), and an example of configuration of the master 
cylinder pressure estimation Section 134 is shown in FIG. 
34. 
As shown in FIG. 34, the master cylinder pressure esti 

mation section 134 comprises a divider 180 for dividing the 
mean braking pressure P calculated by the mean braking 
preSSure estimation Section 132 by the input mean braking 
preSSure reference value P, and an amplifier 182 which is 
connected to an output terminal of the divider 180, multi 
plies the result of division by a factor of Po, and outputs the 
result as the master cylinder pressure P. 

The braking pressure micro amplitude estimation Section 
136 shown in FIG. 32 can be realized in the form of a circuit 
which performs arithmetic operations including the calcu 
lation of a Square root expressed by Equation (60). An 
example of configuration of the braking pressure micro 
amplitude estimation section 136 is shown in FIG. 35. 
As shown in FIG. 35, the braking pressure micro ampli 

tude estimation Section 136 comprises a Square root calcu 
lation Section 184 for calculating the Square root of the 
master cylinder pressure P calculated by the master cylin 
der preSSure estimating Section 134; and an amplifier 186 
which multiplies the square root (VPd) calculated by the 
square root calculating section 184 by a factor of (Po/VPd(0), 
and outputs the result as the braking preSSure micro ampli 
tude P. The calculation of a Square root by the Square root 
calculating Section 184 can be Simply effected by execution 
of numerical processing for the purpose of calculating a 
Square root, or upon reference to a Square root table, after 
having input data into a computer. 

(Example of Configuration of the Anti-lock Brake 
Controller) 
The anti-lock brake controller shown in FIG. 32 com 

prises a wheel Speed micro amplitude detection Section 138 
for detecting the amplitude () of the micro vibration 
component from the wheel Speed (), a resonance gain 
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calculation Section 140 for calculating the resonance gain G 
from the wheel speed micro amplitude (), detected by the 
wheel speed micro amplitude detection section 138 and the 
braking pressure micro amplitude P, calculated by the 
braking pressure micro amplitude estimation Section 136; a 
PI controller 142 for calculating the mean braking preSSure 
reference value P from the thus-calculated resonance gain 
G, a table 144 for calculating the pressure increase and 
decrease time required for the valve from the mean braking 
preSSure reference value P, an electrical current controller 
146 for Outputting an instruction current Signal I used for 
controlling the valve according to the pressure increase time 
t, and the pressure decrease time t, obtained from the table 
144; and an ABS actuator 148 (see FIGS. 23A and 23B) 
having a valve whose pressure increase or decrease time 
periods are controlled through use of the instruction current 
lcmd. 
The wheel speed micro amplitude detection section 138 is 

configured So as to extract the resonance frequency compo 
nent of the Vibration System comprising the vehicle body, the 
wheel, and the road Surface. Because the resonance fre 
quency of the vibration system is about 40 Hz, the wheel 
speed micro amplitude detection section 138 is preferably 
Set So as to operate at a cycle of 24 ms; i.e., about 41.7 Hz, 
in consideration of controllability. The resonance frequency 
component can be obtained by feeding an output from the 
Vibration System to aband-pass filter centered at a frequency 
of 41.7 Hz, and by Subjecting an output from the band-pass 
filter to full-wave rectification and d.c. Smoothing operation. 
Alternatively, the resonance frequency component can be 
extracted by Sequentially acquiring time-Series data whose 
interval is an integral multiple of the cycle; e.g., 24 ms (or 
one cycle) or 48 ms (two cycles), and by calculating a 
correlation with a unit Sine wave and a unit cosine wave of 
41.7 Hz. 
The resonance gain calculation Section 140 calculates the 

resonance gain G by dividing the wheel speed micro 
amplitude (), received from the wheel Speed micro ampli 
tude detection section 138 by the braking pressure micro 
amplitude P, received from the braking pressure estimation 
apparatus 130. In the anti-lock brake controller in accor 
dance with the fifth embodiment, the braking preSSure must 
be immediately reduced when the resonance gain G 
decreases to a value Smaller than the reference value G. 
Therefore, the resonance gain calculation Section 140 cal 
culates a deviation AG by dividing the difference (G-G) 
(or deviation) between the resonance gain G and the 
reference value G, by the resonance gain G and outputs the 
thus-calculated deviation to the PI controller 142. Here, the 
deviation AG is given by 

G - G AG = = 1 
Gd 

G (61) 
Gd 

An example of configuration of the resonance gain calcu 
lation section 140 that calculates the deviation AG is shown 
in FIG. 36. As shown in FIG. 36, the resonance gain 
calculation section 140 comprises a divider 188 for dividing 
the wheel Speed micro amplitude (), by the braking preSSure 
micro amplitude P; a divider 190A which divides a given 
reference value Gs by the value (co/P=G) output from the 
divider 188; and a deviation calculator 192 which is con 
nected to an output terminal of the divider 190A, subtracts 
the value (G/G) output from the divider 190A from 1, and 
outputs the thus-calculated AG. The reference value G is 
previously Stored in the memory as resonance gain values at 
which the state of friction between the road Surface and the 
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tire approaches the peak braking force (i.e., the maximum 
coefficient of friction u: peak u). The reference value G is 
read out from the memory at the time of the calculation 
expressed by Equation (61). 
When tire Slip on the road Surface increases Suddenly, the 

resonance gain G of the resonance frequency component 
becomes Smaller than the reference gain G. As a result, the 
Second term (G/G) in Equation (61) becomes abruptly 
greater than one, and AG takes on a large negative value. 
More specifically, as a result of use of the term (G/G), the 
sensitivity of AG for detecting the state-in which tire slip 
increases Suddenly-is improved compared with a case 
where the reciprocal of the Second term (G/G) is used. AS 
a result, the PI controller 42 can be correctly controlled on 
the basis of AG. 

The output terminal of the resonance gain calculation 
Section 140 is connected to the mean braking preSSure 
estimation Section 132, and the calculated resonance gain G 
is input to the mean braking pressure estimation Section 132. 

The PI controller 142 shown in FIG. 32 calculates the 
mean braking pressure reference value P, which matches 
AG calculated by the resonance gain calculation Section 140 
to Zero or Substantially to Zero. In many cases, the hardware 
of an actuator of an ABS System disposed in a commercially 
available vehicle is configured So as to prevent the braking 
preSSure-which is greater than the braking pressure result 
ing from the driver's depressing action-from being applied 
to the wheel. The PI controller 142 must be designed so as 
to immediately reduce the braking pressure only when the 
braking pressure resulting from the driver's depressing 
action is increased and wheel slip approaches or exceeds the 
peak braking force. FIG. 37 shows an example of the 
configuration of the PI controller 142. 
As shown in FIG. 37, with the exception of sections for 

the purposes of eliminating positive values or out-range 
values, the PI controller 142 includes a first calculation 
Section which performs, on the deviation AG, arithmetic 
computation expressed by the following equation 

Thus, the PI controller 142 controls a proportional resonance 
gain G and an integrated resonance gain Gc(t)c. 

The Section for calculating the proportional item of Equa 
tion (62) includes a positive value elimination section 194 
which eliminates a positive value from AG and outputs only 
a negative value. In connection with tire-to-road-Surface 
characteristics, as the Slip Speed increases, the tire comes 
into an ungrip State, and the resonance frequency of the 
Vibration System shifts to a higher frequency range. As a 
result, the resonance gain G which is the resonance 
frequency component of the vibration System comprising the 
vehicle body, the wheel, and the road surface-reduces. For 
this reason, the braking pressure is applied to the wheel only 
when AG is in a negative State in which the actual resonance 
gain G becomes Smaller than the reference value G, i.e., 
when the tire is in a state immediately before tire lock in 
which the tire is braked and the peak value u is exceeded. 

The Section for calculating an integral item in Equation 
(62) comprises a Laplace calculator 196 for calculating 1/s 
of AG and a co-fold amplifier 198 connected to the output 
terminal of the Laplace calculator 196. The output terminals 
of the positive value elimination section 194 and the ampli 
fier 198 are connected to a G-fold amplifier 202 via an 
adder 200 which adds the proportional item to the integral 
item. With the foregoing configuration, the amplifier 202 
outputs V, represented by Equation (62). 
As shown in FIGS. 30A and 30B, the pressure increase 

instruction time t, and the pressure decrease instruction time 
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tare determined with respect to the calculated mean braking 
pressure. The mean braking pressure reference value P, 
used for calculating the actual pressure increase time and the 
preSSure decrease time must be an output within the range 
from the most decreased pressure of 0.5 MPa to the most 
increased pressure of 12 MPa when the master cylinder 
pressure is 15.5 MPa. This range corresponds to the range of 
about 0.03 to 0.77 times that of the master cylinder pressure. 
The State in which the deviation AG is greater than Zero, 

or a positive value, Signifies that tire Slip does not approach 
the peak braking force. Accordingly, when AG becomes a 
positive value, and V, becomes Zero, the mean braking 
preSSure reference value P, must be output as a value which 
enables the maximum increased pressure of 12 MPa. 
AS a result, the mean braking preSSure reference value P, 

is calculated by the following equation from V, given by 
Equation (62). 

where P=15.5 MPa and Vo-0.77. Before commencing the 
calculation expressed by Equation (63), the range of V, must 
be set to -0.74 to 0 in order to prevent the mean braking 
pressure reference value P from decreasing to a pressure 
Smaller than a pressure of 0.03xPo in the maximum pres 
Sure reduced State. 

In the PI controller 142 for providing the above-described 
restriction, the Section for performing the calculation 
expressed by Equation (63) comprises an out-range value 
elimination Section 204 for eliminating a value outside the 
range of V, output from the amplifier 202; an adder 208 
which adds V, output from the out-range value elimination 
section 204 to Vo received from another input terminal; and 
an amplifier 210 for multiplying (VEV) output from the 
adder 208 by a factor of Po. 
When V, is outside the range of -0.74 to 0, the out-range 

value elimination section 204 outputs a value within the 
range (i.e., a value corresponding to the limit of the range). 
In contrast, when V, is within the range, the out-range value 
elimination section 204 outputs the value as it is. Even if the 
out-range value elimination Section 204 eliminates a value 
outside the range of V, actually output from a controller, the 
deviation AG always occur unless control is accomplished. 
AS a result, a risk arises of the deviation AG being an input 
of integral component and increasing an integral output, 
thereby resulting in divergence of the integral output. 
Eventually, a large difference arises between the value 
which has been obtained by the above-mentioned process in 
the out-range value elimination Section-and the Sum of the 
actually-output proportional item and the actually-output 
integral item, thereby resulting in a delay in the output of the 
overall PI controller. 
To prevent such a problem, a deviation calculator 206 is 

provided for Subtracting an output from the out-range value 
elimination Section 204 from an input to the same, and the 
output terminal of the deviation calculator 206 is connected 
to the Laplace calculator 196. Thus, stable control can be 
accomplished by feeding back to the Laplace calculator 196 
the output from the deviation calculator 206; i.e., the value 
eliminated by the out-range value elimination Section 204, 
as an initial value of the integral item. 
The output terminal of the PI controller 142 is connected 

to the master cylinder pressure estimation Section 134, and 
the calculated mean braking pressure reference value P is 
output to the master cylinder pressure estimation Section 
134. 
A table 144 shown in FIG. 32 shows the functional 

relationship between the mean braking pressure and the 
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pressure increase time shown in FIG.30A and the functional 
relationship between the mean braking preSSure and the 
pressure decrease time shown in FIG. 30B. Upon reference 
to the table 144, there can be obtained the pressure increase 
time t, and the pressure decrease time t, both of which 
correspond to the mean braking pressure reference value P. 
calculated by the PI controller 142. 

The current controller 146 controls the pressure increas 
ing and decreasing time periods of the valve of the ABS 
actuator 148 Such that they match the pressure increase and 
decrease time t, and t, corresponding to the calculated mean 
braking pressure reference value P. 
More specifically, the current controller 146 Switches the 

mode of the valve between the pressure increase mode and 
the pressure decrease mode at a cycle which is half (T/2) the 
cycle T (e.g., 24 ms) of micro vibration. Pressure increase 
and decrease instruction signals are output to the valve from 
the moment the mode is switched solely for the period of the 
preSSure increase time t, or the pressure decrease time t. 
During the remaining period of T/2, the current controller 
146 outputs a pressure hold instruction signal to the valve. 
By means of these actuation instruction signals, micro 
Vibration of the braking pressure and control of the mean 
braking pressure can be readily effected. FIG. 38 shows the 
outline of the operation instruction Signals output to the 
valve of the ABS actuator 148 in the foregoing control 
example (i.e., an example of operation of the braking 
pressure controller). 

The pressure increase and decrease time periods may be 
clocked through used of counter timers which are reset when 
the mode is Switched. Alternatively, the resonance gain of 
the integrator which is reset upon changeover of the mode 
may be caused to change in inverse proportion to the 
preSSure increase and decrease time t and t, and the period 
of time until the output of the integrator reaches a prede 
termined threshold value may be used to determine the 
preSSure increase and decrease time periods. Thus, instruc 
tions to be output to the valve are generated, and a control 
current corresponding to each State is Supplied to the ABS 
actuator 148. 
The operation of the ABS system in accordance with the 

present invention will now be described. 
In the braking pressure estimation apparatus in the ABS 

System shown in FIG. 32, the mean braking pressure esti 
mation Section 132 calculates the mean braking pressure P, 
from the wheel Speed (), and the resonance gain G, through 
use of Equation (56). The master cylinder pressure estima 
tion Section 134 calculates the master cylinder pressure P. 
from the thus-calculated mean braking pressure P, and the 
mean braking pressure reference value P, through use of 
Equation (59). Alternatively, the master cylinder pressure 
estimation Section 134 may be configured So as to calculate 
the pressure increase time t, and the pressure decrease time 
t, both of which correspond to the mean braking pressure 
calculated by the PI controller 142; to obtain the mean 
braking pressure Po corresponding to the given master 
cylinder pressure Po from the two-dimensional table defin 
ing the correspondence between the pressure increase and 
decrease time and the mean braking pressure; and to calcu 
late the master cylinder preSSure P through use of Equation 
(57). 

The braking pressure micro amplitude estimation Section 
136 calculates the braking pressure micro amplitude P from 
the calculated master cylinder pressure P in accordance 
with Equation (60). The braking pressure micro amplitude 
estimation Section 136 may have a structure to obtain 
preSSure increase and decrease time periods t and t, corre 
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sponding to the means braking pressure calculated by the PI 
controller 142, to obtain a braking pressure micro amplitude 
Po corresponding to the predetermined master cylinder 
pressure P from two-dimensional tables showing the cor 
respondence between the pressure increase and decrease 
time periods and the braking preSSure micro amplitude; and 
to calculate the braking pressure micro amplitude P, in 
accordance with Equation (58). 

In the ABS system, the wheel speed micro amplitude 
detection section 138 detects the amplitude of the resonance 
frequency component of the wheel Speed (), detected by an 
unillustrated wheel Speed Sensor. Next, the resonance gain 
calculation Section 140 calculates the resonance gain G 
from the braking pressure micro amplitude P, and the 
amplitude of the resonance frequency component of the 
wheel speed (). The thus-calculated resonance gain G is 
transferred to the mean braking pressure estimation Section 
132, and the deviation AG is calculated from the resonance 
gain G and the reference gain G through use of Equation 
(61). 
The PI controller 142 calculates the mean braking pres 

Sure reference value P, Such that the deviation AG calcu 
lated by the resonance gain calculation Section 140 becomes 
Zero or Substantially Zero. The thus-calculated mean braking 
preSSure reference value P, is transferred to the master 
cylinder pressure estimation Section 134, and the mean 
braking preSSure reference value P is converted to the 
preSSure increase and decrease time periods for the valve 
upon reference to the table 144. Subsequently, the current 
controller 146 converts the pressure increase and decrease 
time periods corresponding to the mean braking preSSure 
reference value P, into the actuation instruction signal Such 
as that shown in FIG. 38. The thus-converted actuation 
instruction signals are transmitted to the ABS actuator 148. 
The valve in the ABS actuator 148 operates to increase or 
decrease the braking preSSure according to the actuation 
instruction signal shown in FIG. 38, whereby the braking 
preSSure corresponding to the mean braking preSSure refer 
ence value P is applied to the wheel cylinder. 

If an attempt is made to apply to the wheel the braking 
pressure exceeding the maximum braking pressure (i.e., the 
braking preSSure obtained when the gradient of the braking 
torque shown in FIG.31 is Zero), the resonance frequency of 
the vibration System shifts toward a higher frequency range. 
Through the aforementioned control operation, the reso 
nance gain G produced when the tire grips the road Surface 
decreases, so that the deviation AG in Equation (61) 
becomes negative. As a result, the braking force is imme 
diately reduced, thereby preventing tire lock. Further, the 
braking force is controlled So as to make the deviation AG 
Zero, the vehicle is braked while the braking force is 
maintained at its peak value shown in FIG. 31, resulting in 
a reduction in a braking distance and in braking time. 
AS mentioned above, the ABS System in accordance with 

the fifth embodiment controls the braking force on the basis 
of the resonance characteristics of the vibration System 
comprising the vehicle body, the wheel, and the road Sur 
face. Compared with the conventional ABS system which 
reduces the braking force when detecting wheel lock, the 
ABS System according to the present invention ensures 
Smoother and more continual variations in the braking force. 
In addition, Since the braking force is controlled on the basis 
of the resonance characteristics, Stable control of the braking 
force becomes feasible regardless of variations in the road 
Surface and can be implemented through use of Single 
control logic. 
As shown in FIG. 38, the mode is switched at a given 

cycle between the pressure increase mode and the preSSure 
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decrease mode, and the braking pressure is controlled by 
adjusting the duration of the preSSure increase time and of 
the pressure decrease time in each mode, thereby enabling 
continual braking pressure control. The frequency at which 
the mode is Switched (i.e., the frequency of micro vibration) 
is comparatively high, or 40 Hz. Further, the amplitude of 
Vibration is micro So as to be able to detect the resonance 
characteristics, and hence variations in the braking pressure 
can be Suppressed to Such an extent as not to provide the 
driver with unpleasant feeling, thereby preventing kickback. 
Still further, great variations are not imparted to vehicle 
behavior, which in turn improves ABS control. The mean 
braking pressure can be continually controlled through use 
of two valves employed in the conventional ABS system; 
i.e., a preSSure increase valve and a pressure decrease valve, 
thereby not requiring a change in hardware. 

The anti-lock brake controller using the braking pressure 
estimation apparatus in accordance with the fifth embodi 
ment is applied to an actual vehicle. In reference to FIGS. 
39A to 39D, an explanation will be given of the result of 
operation of the anti-lock brake controller produced when it 
is actuated under Specific conditions. 

FIGS. 39A to 39D show the result of operation of the 
anti-lock brake controller and variations in physical quan 
tities associated with the operation in a test in which the 
vehicle equipped with the anti-lock brake controller is 
Stopped within a period of about three Seconds by applica 
tion of braking force to the vehicle which is in an ordinary 
traveling condition. The vehicle undergoes a shift from a 
State in which the tire grips the road Surface to a State in 
which the coefficient of friction of the tire gradually 
approaches the peak value u, as well as to a State in which 
the coefficient of friction of the tire exceeds the peak value 
al, So that the tire is in a state immediately before tire lock. 

FIG. 39A shows variations in the wheel speed (), and the 
vehicle body Speed (), with time resulting from the forego 
ing shift in the vehicle State. AS can be seen from the 
drawing, the wheel speed (), greatly changes after lapse of 
about 2.3 Seconds Since the braking action is commenced 
(set to 0 second), and the vehicle is shifted to a State 
immediately before wheel lock. 

FIG. 39B shows variations in the slip rate S with time. 
The slip rate S is expressed by 

(Oit (O. 
S = 

(Oit 

As is clear from FIG. 39B, the slip rate S starts to increase 
after lapse of about two Seconds, and the coefficient of 
friction gradually approaches to the peak value u. After lapse 
of 2.3 Seconds, the Slip rate extremely oscillates and exceeds 
the peak value u. 

FIG. 39C shows variations with time in the wheel cylinder 
pressure P, measured by the pressure Sensor as well as in the 
mean braking pressure P, estimated by the braking pressure 
estimation apparatus in accordance with the fifth embodi 
ment (i.e., the mean braking pressure estimation section 132 
shown in FIG. 32). As is evident from FIG. 39C, the 
estimated mean braking pressure P, Substantially matches 
the actual wheel cylinder pressure P. Particularly, a high 
degree of match is obtained in the area of the maximum 
variation between the preSSure P, and the pressure P, 
thereby verifying the degree of accuracy of braking pressure 
estimation according to the present invention. 

FIG. 39D shows variations with time in the reference gain 
G. and the resonance gain G calculated by the resonance 
gain calculation section 140 in accordance with the fifth 
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embodiment. AS is obvious from the drawing, the resonance 
gain G increases in comparison with the reference gain G 
in the region where the tire is in a State immediately before 
tire lock, enabling highly-Sensitive detection of the State of 
the tire immediately before tire lock. 

FIG. 39D shows variations in G and G with time. The 
vehicle Speed has a tendency to decrease with elapse of time, 
and the resonance gain G has a tendency to increase with 
a reduction in the vehicle Speed. For these reasons, the 
reference gain G is Set So as to increase with lapse of time. 
AS a result, the ratio of the resonance gain G to the 
reference gain G is appropriately set. 

In the aforementioned fifth embodiment, the resonance 
gain is calculated. However, the present invention is not 
limited to this. Instead of the resonance gain, the gradient of 
braking force with respect to the Slip Speed, the gradient of 
braking torque with respect to the slip Speed, the gradient of 
friction coefficient between the road Surface and the wheel 
with respect to the slip speed (the road Surface gradient u) 
may be calculated and processed in the same way. In order 
to calculate the road Surface gradient u, the above-described 
resonance gain is multiplied by a predetermined conversion 
factor. In order to calculate the gradient of braking force 
with respect to the Slip Speed, the gradient of braking torque 
with respect to the slip Speed is calculated and is then 
multiplied by a predetermined conversion factor (the inverse 
number of radial of a wheel). A method of calculating the 
braking torque with respect to the slip Speed will be 
explained hereinafter. 
The motion of each wheel and the vehicle body is 

expressed by the following equations of motion (64) and 
(65): 

4. 65 

My = -X F(V / R. - (of) (65) 

where F represents a braking force developed in the i-th 
wheel, “T” the braking torque applied to the i-th wheel in 
response to a stepping-on force, “M” the mass of the vehicle, 
“Rc' the effective radius of the wheel, “J” the inertia of the 
wheel, and “v' the vehicle speed. In the above Equation, 
reference symbol denotes differential with respect to time. In 
Eqs. (64) and (65), F, is indicated as a function of the slip 
Speed (V/R-co). The vehicle speed is equivalently repre 
Sented as an angular velocity (), (Equation (66)), and the 
friction torque RF is expressed as the linear function of the 
Slip speed (gradient k, and intercept T on the y-axis) 
(Equation (68)). 

(66) 

Further, when Eqs. (66) and (67) are substituted into Eqs. 
(64) and (65) and the wheel speed (), and the vehicle speed 
co, are represented as time-Series data (), k and (), k 
which are wheel Speed (), and the vehicle Speed (), Sampled 
at Sampling intervals t (where “k” is a sampling point in 
time; k=1,2,... which are separated from each other by the 
Sampling interval t), whereby the following Equations (68) 
and (69) are obtained. 
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Jo (E)-2-ko (k-1)-ol(k-1)+ T - T, 
t 

R Mo ()- = (69) 
t 

4. 4. 4. 

-X ki. (oyk - 1) +X (kaik 1)-X T; 
i=l i=l i=l 

1O 

EqS. (68) and (69) are combined together So as to eliminate 
the equivalent angular velocity (), of the vehicle, yielding 

4. 
t t (70) 

M 15 wik | k ii), he 1 + 
4. t 

Rv2. ki (1-k'o, K-2)- 
2O 

2 4. 

k; RM2. (kicok-2)) = 

2 4 2 4 
t t 

-ki - X Ti + ki (T-T). RM2. f RM2, (T-T) 25 

If the maximum friction torque of RMg/4(“g” represents 
a gravitational acceleration) occurs on condition that the slip 
Speed is 3 rad/s, we have 3O 

max(k) = ReMg/4 (71) 
3 

35 

When we consider a specific example in which T-0.01 
(sec.), R=0.3 (m), and M=1000(kg), we have max (k)=245. 
Accordingly, 

40 

I (72) 
3. k is 0.054 < 1 

R2M 4 

5 
Equation (70) can be approximated as follows: 4 

kio?k- 1) - co, Ik-2} + f = -co; Ik+2ao; Ik-1)-co; Ik-2) (73) 

50 

where 

2 2 (74) 
fi-kiri. MX RM2. k (T-T) 55 

As a result, Equation (74) can be described in a linear 
form with regard to unknown coefficients k and f. The 
friction torque gradient k with respect to the slip speed can 
be estimated by application of the on-line parameter iden 
tification method to Equation (74). 

60 

More Specifically, the time-Series data concerning the 
friction torque gradient can be estimated from the time 
Series data (ok of detected wheel speed through repetition 
of StepS 1 and 2 to be given hereinbelow. 

65 
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Step 1 

(pk'0=yk (75) 

|ti-lit-1 (76) 1 

6, = I, (77) 
f 

ykF-ok+2(Ok-1-(ok-2 (78) 

The first element of the matrix (p.k of Equation (76) denotes 
a physical quantity concerning a variation in the wheel Speed 
during one sampling period, and Equation (78) shows a 
physical quantity concerning the per-Sampling-period 
change in the degree of the per-Sampling-period variation in 
the wheel Speed. 
Step 2 

6. K-6,Ik-1+LIkly,Ik-p. KT-6Ak-1)) (79) 

P. k - 1jik (80) 
A + i), k Pik - 1d;k 

Lik 

1 PIK - 1d; (kló; Ik', P, Ik - 1) - 1 A - - (81) 

P(k) = |P(k-1) A + i), k Pik - 1d; Ik 

6, is calculated by the above recurrence formula, and the first 
element of the matrix of 6, is extracted as the estimated 
friction torque gradient. In Equation (80), 2 denotes a 
forgetting factor (e.g., ) =0.98) showing the is eliminated, 
and “” denotes the transposition of the matrix. 
The left-side side of Equation (79) shows a physical 

quantity which represents the time history of the physical 
quantity related to the variation in the wheel Speed and the 
time history of the physical quantity related to the change 
with regard to the variation in the wheel Speed. 
What is claimed is: 
1. A braking pressure estimation device, comprising: 
a first input means for receiving a wheel Speed input; 
a Second input means for receiving a resonance gain 
which is a ratio of a micro amplitude of the wheel Speed 
at a resonance frequency with respect to a micro 
amplitude of a braking pressure at the time of Vibration 
of the braking pressure at the resonance frequency of a 
resonance System including a vehicle body, a wheel, 
and a road Surface; 

a third input means for receiving a preSSure increase/ 
decrease time required to achieve a mean braking 
preSSure with respect to a given master cylinder pres 
Sure or a physical quantity associated with the pressure 
increase/decrease time; 

braking pressure estimating means for estimating the 
mean braking pressure from the input wheel Speed and 
a resonance gain on the basis of a model in which the 
gradient of braking torque with respect to a slip Speed 
is proportional to the resonance gain; 

master cylinder pressure estimating means for estimating 
a master cylinder pressure on the basis of the mean 
braking preSSure estimated by Said braking preSSure 
estimating means and the pressure increase/decrease 
time required to achieve the mean braking pressure or 
the physical quantity associated with the pressure 
increase/decrease time; and 
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micro amplitude estimating means for estimating the 
micro amplitude of the braking pressure on the basis of 
the master cylinder preSSure estimated by Said master 
preSSure estimating means and of the pressure increase/ 
decrease time required to achieve the mean braking 
preSSure or the physical quantity associated with the 
preSSure increase/decrease time. 

2. The braking pressure estimation device according to 
claim 1, wherein the resonance frequency is about 40 Hz. 

3. An anti-lock brake controller comprising: 
wheel Speed detection means for detecting a wheel Speed; 
resonance gain calculation means for calculating a reso 

nance gain which is the ratio of the micro amplitude of 
the wheel Speed at a resonance frequency with respect 
to the micro amplitude of a braking pressure at the time 
of vibration of the braking pressure at the resonance 
frequency of a resonance System including a vehicle 
body, a wheel, and a road Surface; 

braking pressure estimating means for estimating a mean 
braking pressure from the wheel Speed detected by Said 
wheel Speed detection means and the resonance gain 
calculated by Said resonance gain calculation means on 
the basis of a model in which the gradient of braking 
torque with respect to a slip Speed is proportional to the 
resonance gain; 

master cylinder pressure estimating means for estimating 
master cylinder pressure on the basis of the mean 
braking preSSure estimated by Said braking pressure 
estimating means and a pressure increase/decrease time 
required to achieve the mean braking preSSure or a 
physical quantity associated with the pressure increase/ 
decrease time, 

micro amplitude estimating means for estimating the 
micro amplitude of the braking pressure on the basis of 
the master cylinder preSSure estimated by Said master 
preSSure estimating means and the pressure increase/ 
decrease time required to achieve the mean braking 
preSSure or the physical quantity associated with the 
preSSure increase/decrease time and for outputting the 
estimated micro amplitude of the braking preSSure to 
Said resonance gain calculation means, 

control means for controlling the pressure increase/ 
decrease time required to achieve the mean braking 
preSSure in Such a way that the resonance gain calcu 
lated by Said resonance gain calculation means matches 
or Substantially matches a reference gain; and 
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reference means for outputting to the master cylinder 

preSSure estimating means the pressure increase/ 
decrease time which is required to achieve the mean 
braking pressure and is controlled by Said control 
means or the physical quantity associated with the 
preSSure increase/decrease time. 

4. The anti-lock brake controller according to claim 3, 
wherein the resonance frequency is about 40 Hz. 

5. A braking pressure controller comprising: 
a control valve equipped with a pressure increase valve 

for increasing the braking pressure exerted on a wheel 
cylinder and a pressure decrease valve for decreasing 
the braking preSSure, and 

control means for controlling Said control valve in Such a 
way as to alternately Switch, at a given cycle, between 
a first State, including a pressure increasing State in 
which the braking pressure is increased by Said pres 
Sure increase valve and a pressure holding State in 
which the braking pressure is held, and a Second State, 
including a pressure decreasing State in which the 
braking pressure is decreased by Said pressure decrease 
Valve and the pressure holding State and for controlling 
the periods for the preSSure increasing State and pres 
Sure decreasing State of Said control valve in Such a way 
as to hold a mean braking pressure. 

6. The braking pressure controller according to claim 5, 
wherein the pressure holding State is Such that the braking 
preSSure is maintained at a predetermined level. 

7. A braking pressure estimation device, comprising: 
a first input means for receiving a wheel Speed; 
a Second input means for receiving a physical quantity 
which indicates the Slipping ability of a wheel; and 

braking pressure estimating means for estimating a mean 
braking preSSure from the wheel Speed and the physical 
quantity, 

wherein the mean braking pressure is calculated using a 
formula: 

where Pm is the mean braking pressure, K is a Spring 
constant, t PF is a time constant of a low pass filter, J is 
an inertia of a wheel, () is a wheel Speed, S is an operator 
for Laplace transformation, G is a resonance gain, and h is 
a proportional coefficient. 

k k k k k 


